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Abstract 
 
The Pyruvate dehydrogense complex (PDH) is a primarily aerobic enzyme which catalyses pyruvate to acetyl-
CoA and carbon dioxide.  Its counterpart in anaerobic metabolism is pyruvate formate lyase (Pfl) which 
converts pyruvate to acetyl-CoA and formate.  A novel fermentation pathway involving PDH rather than Pfl 
(or equivalent), which retains the reducing equivalents from pyruvate oxidation, could provide a novel route 
for ethanol production, as well as changes in redox balance opening up opportunities for the production of 
higher alcohols such as butanol. 
 
Utilising PDH for the production of biofuels has been investigated in three microorganisms: Geobacillus 
thermodenitrificans, Bacillus subtilis, and E. coli.   
 
Geobacillus thermodenitrificans does express Pfl, thus PDH is always active in the G. thermodenitrificans 
regardless of whether the bacterium is  growing in aerobic or anaerobic conditions.  To utilise this PDH in the 
production of ethanol a bi-functional alcohol dehydrogenase (AdhE) was introduced to G. 
thermodenitrificans K1041.  Further optimisation of ethanol production was achieved by knocking-out 
lactate dehydrogenase (Ldh), which would otherwise compete with ethanol for flux from acetyl-CoA, and 
activity of the PDH promoter verses potential alternative promoters to increase the expression of the native 
PDH was investigated.  
 
Like G. thermodenitrificans, Bacillus subtilis also does not have a PFL pathway, but does have a native Adh so 
can undergo fermentation, albeit poorly.  To increase ethanol production competing fermentation pathways 
were knocked-out, however this resulted in strains which were unable to grow anaerobically.  The activity of 
the native PDH promoter was investigated, and PDH subsequently upregulated.  The production of 1-butanol 
from B. subtilis was also achieved using expression of Clostridial genes encoding a butanol synthetic pathway 
from a plasmid and from chromosomal integrations. 
 
PDH in Gram-negative bacteria such as E. coli are not active during anerobic growth due to fermentation 
resulting in elevated levels of intracellular NADH; which in turn triggers negative feedback inhibition of PDH.  
A consequence of this is E. coli strains which are engineered to produce increased titres of ethanol by 
knocking-out pfl are unable to grow anaerobically.  To alleviate this problem a PDH from gram-positive 
bacteria was expressed in E. coli.  The effect of these PDH was also used to assess their potential benefits on 
1-butanol in E. coli, by introducing Clostridial genes encoding a butanol synthetic pathway via plasmids.  
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1  Introduction 
1.1 Biofuels 
In recent years research into the production of renewable energy from biological sources has gained great 
momentum.  There are a number of factors as to why an alternative to conventional gasoline is required to 
fuel vehicles in the modern world.  Diminishing worldwide fossil fuel reserves have created the need for 
alternative energy sources which are renewable, sustainable, efficient, cost effective and safe (Prasad et al., 
2007).  In addition, current concerns regarding global climate change have created a need for carbon 
emissions from conventional gasoline fuel vehicles to be cut (Sheehan, 1998).  Scientists are continuously 
endeavouring to find renewable high-energy sources which are compatible with current engine technology.   
 
In many bacteria and yeasts capable of anaerobic growth, specialised fermentation pathways are utilised 
under anaerobic conditions in order to regenerate NAD+ required for glycolysis.  Depending on the organism, 
these fermentation products can include alcohols such as ethanol and butanol, which are currently of 
industrial interest as renewable liquid biofuels due to their suitability for use in combustion engines.  The 
potential to produce such fuels on an industrial scale, by fermentation of a range of feedstocks, has escalated 
enormously in the past decade due to our greater understanding of genomics, leading to an increased ability 
to manipulate the metabolic pathways of microorganisms.   
 
There is currently concern that the use of foods such as cane sugar and corn starch as substrates for 
production of biofuels such as bioethanol is leading to an increase in food prices due to a greater demand for 
these crops. The use of biofuel-producing microorganisms able to utilise lignocellulosic materials such as 
forestry and agricultural residues, municipal solid waste (e.g. waste paper and yard waste), and woody and 
grassy crops would also be advantageous as using these materials would not affect food resources (Wyman, 
1999). 
 
1.1.1 Biofuels:  what’s different this time? 
During the past century interest in biofuels had undergone many peaks and troughs, with bursts of activity 
usually coinciding with political unrest and a rise in the price of oil.  From 1903 to 1926 the Model T car 
designed by Henry Ford was produced which ran using hemp-derived biofuel.  During World War II demand 
for biofuels in Germany and Britain increased due to the need for an alternative to imported fuels.  This 
pressure eased in times of peace because of the availability of cheap oil from the Gulf and Middle East 
countries. However, geopolitical conflict resulted in a serious fuel crisis in various countries during the period 
1973 – 1979 leading to a re-emergence of biofuels research (http://biofuel.org.uk/history-of-biofuels.html).   
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So with a history of waning interest in biofuels what is to say that current interest in these fuels will not 
dissipate as before?  There are a number of factors which indicate that this latest resurgence seems set to 
continue.  A large contributing factor is cost.  Cellulosic biomass at $70 per ton has an energy content  
approximately equal to the energy content of oil at around $20 per barrel (the current price of oil being a 
little over $100 per barrel), so it is technically possible to produce fuels that cost less than petroleum fuels on 
an equal energy basis (Dale, 2010; http://www.bloomberg.com/energy/).   
 
       
Figure 1:  World ethanol and biodiesel production 1975-2009.   
Data sourced from Sorda et al. (2010).  
 
  Million  Litres 
Country Ethanol Biodiesel 
USA 33,737 3078 
Brazil 24,261 1238 
EU  2748 9164 
China 1882   
Canada 892 114 
Thailand 337   
Colombia 296   
India 247 227 
Australia 97 1051 
Malaysia   609 
Indonesia   405 
Argentina   1550 
Other 480 1036 
World 64,981 18,472 
Table 1: World ethanol and biodiesel production in 2008.   
*Overall figure for the 27 countries which make up the EU.  Data sourced from Sorda et al. (2010).  
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As is illustrated in Table 1 the US, EU, and Brazil are to date the largest producers of biofuels; however overall 
biofuel production and usage continues to expand globally as increasing numbers of countries realise that 
they can no longer afford the economic and security costs of dependence on petroleum (Dale et al., 2010).   
 
As a direct consequence of the 1970’s oil crisis Brazil introduced the National Alcohol Program (Proálcool) in 
1975, which focused on the production of ethanol from sugar cane (Sorda et al., 2010).  Proálcool has proven 
to be highly successful.  In 2006 83% of the cars sold in Brazil had Flex-Fuel engine technology (which allow 
the driver to use gasoline or ethanol), and the country had achieved oil-independence thereby achieving 
energy security (Colares, 2008).  Today, Brazil has the world’s largest bioethanol market with ethanol from 
sugarcane being the first renewable transportation fuel to be cost-competitive with petroleum-based fuel 
(Xavier, 2007). 
 
As shown in table 1 the United States produces (and consumes) the highest quantity of bioethanol in the 
world, however this is only achieved as a result of the continuation of large government subsidies.  In 
contrast to Brazil, ethanol in the US is predominately produced from cornstarch.  Since 1988 all cars 
manufactured in the US can run on ethanol-alcohol E10 (10% ethanol, 90% gasoline) blends with most being 
able to run up to E20.  There are currently more than seven million cars in the US which are able to run using    
E85 (85% ethanol, 15% gasoline) blend (Solomon et al., 2010).  The automobile industry has also begun to 
throw its weight behind biofuels.  In 2006 General Motors (GM) began manufacturing flex-fuel vehicles 
capable of using gasoline blended with 85% ethanol (Cary, 2008).  GM have since been joined by a number of 
other large fuel users, including the aviation industry and military, who now seem unwilling to accept the 
status quo of continued dependence on oil (Dale, 2010).   Another sign that biofuels are here to stay is the 
contribution that the petroleum industry is now making to biofuels research and production.  Since 2006 BP 
has invested more than $1.5 billion in biofuels operations, research and development. This includes a $500 
million grant to the Energy Biosciences Institute (EBI) which is a collaboration between the University of 
California – Berkeley, Lawrence Berkeley National Laboratory and the University of Illinois at Urbana-
Champaign (BP, 2010).  In 2002 Shell formed a partnership with Iogen to develop bioethanol from wheat and 
barley straws, with gasoline containing 10% cellulosic ethanol being first sold in June 2009 (Shell, 2010).  Even 
ExxonMobil which in the past has been defiant to enter the biofuel arena announced in July 2009 that it had 
entered a partnership with Synthetic Genomics Inc. (SGI) to research and develop biofuels from 
photosynthetic algae (Dale, 2010; ExxonMobil, 2011). 
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1.1.2 Lignocellulosic biomass – second generation biofuels 
At present bioethanol is predominately produced from sugar cane  and cereals such as grain and corn.  In 
order to expand production of bioethanol and other commodity chemicals and fuels the whole plant, 
including leaves and stalks, from both herbaceous and woody plants needs to be efficiency utilised.  
Lignocellulosic biomass is globally the most abundant renewable substrate available to us that can be used in 
the production of alternative fuels;  the lignocellulose fraction of plant biomass being made up of up to 75% 
fermentable carbohydrate.  However, in its natural state most of these sugars are inaccessible to fermenting 
microorganisms (Jørgensen et al., 2007).     
 
Unlike sugar cane and cereals, lignocellulosic feedstocks can grow on marginal agricultural land thus can be 
geographically distributed.  They therefore have the potential to have a large impact on transportation needs 
without significantly compromising land used for food crop production (Tilman et al., 2006).  These ‘energy 
crops’ such as poplar, willow, miscanthus and Pennisetum purpureum (elephant grass) require less energy to 
plant and cultivate and require less nutrient, herbicide, and fertilizer, thus abating their carbon footprint 
(DOE, 2006).  Ethanol production from cellulosic biomass overall significantly reduces greenhouse gas 
emissions and non-renewable energy inputs such as from fossil fuels (Farrell, 2006). 
 
1.1.2.1 Composition of Lignocellulose 
Lignocellulose is the primary building block of plant cell walls and is composed mainly of cellulose, 
hemicellulose and lignin (figure 2), along with smaller amounts of pectin, protein, extractives.  The 
composition of lignocellulose is dependent on its source: there is a significant variation in the proportion of 
cellulose, hemicellulose and lignin between hardwood, softwood and grasses, and further variation between 
species within these groups (Jørgensen et al., 2007). 
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Figure 2: Structure of Lignocellulose (Rubin, 2008). 
The main component of lignocellulose is cellulose, a β(1–4)-linked chain of glucose molecules.  The second most 
abundant constituent, hemicellulose, is composed of various 5- and 6-carbon sugars.  Lignin is composed of three major 
phenolic components, p-coumaryl alcohol (H), coniferyl alcohol (G) and sinapyl alcohol (S).   
 
1.1.2.2 Cellulose 
Cellulose is the largest component of the plant cell wall.  It is a homopolysaccharide comprising up to 10,000 
monomers of d-glucose linked together by β(1-4)-glucosidic bonds.  Its linear architecture begets intra- and 
intermolecular hydrogen bond formation resulting in the aggregation of chains into crystalline microfibrils 
(Jørgensen et al., 2007). These form larger fibrils which are themselves organised into the thin lamellae which 
provide the framework of the various layers of the plant cell wall (Glazier, 2007).  Cellulose is able to 
withstand degradation by micro-organisms due to its high tensile strength, a result of its structure and 
intermolecular hydrogen bonds (Ward, 1989).   
 
1.1.2.3 Hemicellulose 
Hemicellulose consists of complex heterogenous branched polysaccharides composed of the monomeric 
sugars: D-glucose, D-mannose, D-xylose, D-galactose, D-glucuronic acid, 4-O-methyl-D-glucuronic acid and L-
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arabinose (Jørgensen et al., 2007).    Hemicelluloses bind to cellulose, however the structure of hemicellulose 
prevents it from independently forming microfibrils (Cosgrove, 2005).  Together, these polysaccharides bind 
to both cellulose microfibrils and to one another, thus forming a complex hemicellulose network (Gupta, 
2005). 
 
There are many classes of hemicelluloses, although each comprises a long linear backbone composed on one 
type of sugar, with protruding short side chains of other sugars .  Hemicelluloses are classified according to 
the sugar which makes up its backbone (Gupta, 2005).  Sugars found in the hemicelluose side-chains and 
backbone vary throughout plant species.  For example, plants belonging to the grass family tend to have 
hemicelluloses mainly composed of glucuronoarabinoxylans, whereas in softwoods galactoglucomannans are 
the principle hemicelluloses, and in hardwoods 4-O-methyl-glucuronoxylans are the most abundant 
(Jørgensen et al., 2007).     
 
1.1.2.4 Lignin 
Lignin is a complex network of phenolic-derived aromatic polymers which interact with other plant cell wall 
polymers to provide structural integrity, water impermeability and resistance to chemical degradation and 
microbial infection (Gupta, 2005; Jørgensen et al., 2007).  Lignin comprises of three monomers: p-coumaryl 
alcohol, coniferyl alcohol, and sinapyl alcohol, which are connected through alkyl–aryl, alkyl–alkyl and aryl–
aryl ether bonds.  Additionally lignin can form covalent bonds, and more stable ether bonds known as lignin 
carbohydrate complexes with some hemicelluloses (Jørgensen et al., 2007). 
 
1.1.2.5 Pretreatment of Lignocellulosic biomass 
Pretreatment of lignocellulosic material is required in order to remove or alter structural and compositional 
impediments to hydrolysis, resulting in an increased rate of enzyme hydrolysis and higher yield of 
fermentable sugars from cellulose or hemicelluloses (Moiser et al., 2005).  Pretreatment methods may be 
either physical, chemical or biological, although some methods utilise more than one element (Moiser et al., 
2005; Singh et al., 2007).  A summary of pre-treatment technologies is given in table 2.  An effective pre-
treatment strategy should (Moiser et al., 2005): 
 Not require reducing the size of biomass particles prior to treatment. 
 Preserve the pentose (hemicellulose) fraction. 
 Form minimal amounts of degradation products which inhibit the growth of the fermenting micro-
organism. 
 Require minimal energy demands. 
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 Have low catalyst / inexpensive catalyst recycle costs. 
 Generate higher-value lignin as a co-product. 
 
 
Pretreatment method Description Considerations 
Mechanical grinding Combination of chipping, grinding, 
and/or milling to reduce cellulose 
crystallinity. 
Energy consumption is higher than the 
theoretical energy 
content in the biomass (Sun et al., 2002) 
Pyrolysis Decomposition of cellulose to gaseous 
products and residual char by  
treatment   at >300 °C. 
Gas is converted to fuels by established 
chemical methods. 
High temperature required and ash 
produced (Shinogi and Kanri, 2003) 
Steam Explosion Hemicellulose degradation and lignin 
transformation caused by  
high-pressure saturated steam at 160-
260 °C. Followed by explosive 
decompression. Addition of an acid can 
improve hydrolysis.   
Improves enzyme accessibility to the 
cellulose microfibrils. Cost-effective. May 
lead to xylan destruction. Incomplete 
removal of the lignin from cellulose. 
Generation of compounds inhibitory to 
microorganisms (Li et al., 2007). 
Ammonia Fibre Expansion -
AFEX 
1-2 kg of ammonia/kg of dry biomass is 
held at high pressure and, typically, 
90 °C for 30 min (conditions depend on 
biomass). Followed by explosive 
decompression. 
 
Does not produce inhibitors of 
downstream process. Not efficient for 
biomass with high lignin content (Murnen 
et al., 2007). 
Carbon Dioxide Explosion Supercritical CO2 (fluid in a gaseous 
form but compressed at temperatures 
above its critical point to a liquid-like 
density). Followed by explosive 
decompression.  
Lower temperature than steam explosion 
preventing degradation of sugars. 
Inhibitory compounds not formed. Lignin 
and hemicelluloses are not modified 
(Zheng et al., 1998). 
Ozonolysis Ozone can be used to degrade lignin at 
room temperature and pressure. Does 
not affect cellulose. 
Does not produce toxic residues and 
ozone can be decomposed to minimize 
environmental impact. Expensive, large 
volumes of O3 required (Neely, 1984). 
Acid Hydrolysis Usually using dilute H2SO4 in a high-
temperature (>160°C), continuous-flow 
process for low solids loadings (5-10% 
w/w) and a low-temperature (<160°C) 
batch process for high solids loadings 
(10-40% w/w). 
Hydrolyzes hemicellulose to xylose and 
other sugars. Alters lignin structure. High 
cost of acid. Equipment corrosion and 
formation of toxic substances that inhibit 
fermentation (Galbe and Zacchi, 2007). 
Alkaline Hydrolysis Using Ca(OH)2 or NaOH at  
temperatures between 80 - 150°C  and 
residence times of 3–24 hrs. Removes 
hemicelluloses and lignin. 
Increases accessible surface area. Long 
residence times are required. 
Irrecoverable 
salts are formed and incorporated into 
biomass (Fox et al., 1989). 
Oxidative Delignification Lignin biodegradation catalyzed by the 
peroxidase enzyme in the presence of 
H2O2. (e.g. 2% H2O2 at 30°C for 8hrs). 
Polysaccharides more susceptible to 
enzymatic hydrolysis. Inhibitors of 
microbial growth not formed (Azzam, 
1989). 
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Organosolv Process Aqueous-organic solvent mixture with 
inorganic acid catalysts used to break 
the internal lignin and hemicellulose 
bonds. (180-195°C, for 30-90min, 
solvent conc. 35-70% (w/w), pH 2.0 to 
3.8). 
Solvents need to be drained from the 
reactor, evaporated, condensed, and 
recycled to reduce the cost. Inhibitory to 
microbial growth, enzyme hydrolysis and 
fermentation (Pan et al., 2006) 
Ionic Liquids (IL) Salts that are liquid at or near room 
temperature capable of dissolving 
cellulose. Dissolved cellulose is 
subsequently precipitated with water 
or ethanol. 
Recovered cellulose is less crystalline and 
easier to hydrolyse. Have negligible 
vapour pressure and are usually non-
flammable. Expensive, so IL must be 
recovered (Brandt et al., 2010). 
Biological Pretreatment Brown-, white- and soft-rot fungi used 
to degrade lignin and hemicellulose in 
biomass.  
Low energy requirements. Slow rates of 
hydrolysis (Singh et al., 2007). 
Pulsed Electric Field (PEF) Application of a high voltage (5-20 
kV/cm) short pulses (100μs) to biomass 
placed between two electrodes.  
Can be performed under ambient 
conditions. Energy use is low and 
equipment is simple. More research 
required (Kumar et al., 2009). 
Table 2:  Methods for the pretreatment of biomass. 
 
1.1.3 “Third generation” biofuels  
Following pre-treatment, biological conversion of biomass to biofuels typically involves the production of 
cellulases and hemicellulases, using these enzymes to hydrolyse cellulose and hemicelluloses to sugars, and 
subsequent fermentation of these hexose and pentose sugars  (Grange et al., 2010).  The overall cost of pre-
treatment and the production (or purchase) of cellulase enzymes are today the largest hurdles in an 
economically viable lignocellulosic biofuel process (Himmel et al., 2008).    Consolidated bioprocessing (CBP) 
combines cellulase production, substrate hydrolysis and fermentation in a single process step by using a 
single microorganism or microbial consortium with cellulolytic capabilities. CBP enables lower biofuel 
production costs over separate hydrolysis and fermentation processes as feedstock processing is more 
simplistic, lower energy is required, and higher conversion efficiencies should be achieved (Carere et al., 
2008).  Microorganisms are currently being developed for CBP through two strategies: modifying 
microorganisms with natural cellulolytic capabilities to improve production yields; and engineering 
microorganisms which already exhibit high product yields to express a heterologous cellulase system 
enabling cellulose utilization (Lynd et al., 2005).  An ideal CBP organism would be robust, capable of 
degrading lignocellulose, and able to utilise both hexose and pentose sugars at high efficiency (Grange et al., 
2010). 
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1.1.4 What makes for a good Biofuel-producer? 
Zaldivar et al. (2001) stipulated that a microorganism used on an industrial scale to produce fermentation 
products for bulk use, such as ethanol and butanol, should essentially display the following traits: 
 Be able to utilise a broad range of substrates 
 Produce a high yield of the desired product, while forming minimal by-products 
 Have a high tolerance to the exogenous fermentation product 
 Have increased tolerance to inhibitors 
 Be tolerant to process hardness, to cope with changes in conditions such as pH, temperature, 
and osmolarity 
 Be able to utilise a range of sugars simultaneously 
 Be capable of hemicellulose and cellulose hydrolysis 
 Have GRAS (Generally Recognised As Safe) status thereby allowing for spent biomass to be used 
as animal feed 
 Require minimal nutrient supplementation 
 Be able to tolerate low pH and high temperatures 
 
 
Much research has sought to develop novel strains with broader catabolic properties than those found in 
nature. It is anticipated that these microbes will ferment sugars derived from the hemicellulosic fraction of 
biomass, thus removing the dependence on feedstocks which are also the basis of human/animal nutrition 
and removing conflicts between food and biofuel production (Dien et al., 2003).  Native or engineered 
metabolic pathways for the synthesis of biofuels typically proceed through common intermediates of central 
carbon metabolism such as acetyl-CoA or pyruvate. Thus, in the context of biofuel production, metabolic 
pathways may be characterised as “feed” or “production” pathways with the former converting 
carbohydrate to the common metabolic intermediates while the latter convert the intermediates to the 
chosen fuel (Fischer et al., 2008). 
 
Metabolic pathways form highly dynamic networks which are strongly influenced by the global levels of a 
handful of metabolites: ATP/ADP, NAD+/NADH, NADP+/NADPH, and acyl-CoAs. The relative ratios of these 
central metabolites play an important role in regulating the activity of the metabolic network, for example, 
the redox state of a cell is essentially determined by the relative ratio of NAD(P)+ to NAD(P)H. Destabilising 
the balance of these important metabolites can lead to the production of undesirable by-products, a 
decrease in biofuel yield and/or impaired cell growth (Lee et al., 2008). In general terms, the feed pathways 
  
20 
 
create reducing equivalents which are required by production pathways for the synthesis of the biofuel. 
Therefore, competition for reducing equivalents by non biofuel pathways is undesirable (Fischer et al., 2008). 
 
1.1.5 What constitutes an ideal biofuel? 
An ideal biofuel would be a molecule or blend which is structurally identical to existing petroleum-derived 
transportation fuels. As a consequence this fuel would be compatible with existing combustion engines and 
infrastructure for fuel transportation and storage (Liu and Khosla, 2010).  The three liquid fuels which are 
currently utilised the most in transportation are gasoline, diesel, and jet fuel (Table 3).  All three contain 
linear, branched and cyclic alkanes plus aromatics, but in differing proportions (Lee et al., 2008).  This work 
will focus on the gasoline alternatives: ethanol and 1-butanol. 
 
Fuel Type Major Components Important property Biosynthetic alternatives 
Gasoline C4-C12 hydrocarbons Octane number
1
 Ethanol, 1-butanol, 2methylpropan-1-ol 
  Anti-knock additives Energy content
2
 Short chain alcohols 
    Transportability Short chain alkanes 
Diesel C9-C23 hydrocarbons Cetane number
3
 Biodiesel / FAMEs
4
 
 
Anti-freeze additives Low freezing temperature Fatty alcohols, alkanes 
  
Low vapour pressure Linear or cyclic isoprenoids 
Jet fuel C8-C16 hydrocarbons Very low freezing temperature Alkanes 
  Anti-freeze additives Density Biodiesel  
    Net heat of combustion Linear or cyclic isoprenoids 
Table 3: Types of liquid fuels (Lee et al., 2008). 
1
  A measurement of resistance to knocking.  Knocking is when the fuel/air mixture ignites before the optimum pressure 
and temperature is reached for spark ignition. 
2
  The amount of energy produced during combustion 
3
  A measurement of combustion quality during compression-ignition. 
4
  Fatty acid methyl esters  
 
1.2 Bioethanol 
Although biofuels offer a diverse range of promising fuel alternatives, bioethanol constitutes 99% of all 
biofuels in the United States (Farrell et al., 2006).  Currently bioethanol is most commonly used in the form of 
blended fuel mixed with gasoline rather than as a fuel on its own – with 10% and 22% blends being used in 
the US and Brazil respectively (Prasad et al., 2007).  Al-Hasan (2003) concluded that: 
1. Engine performance and exhaust emissions are improved when using ethanol as a fuel additive 
in unleaded gasoline. 
2. Ethanol addition results in an increase of brake thermal efficiency, volumetric efficiency and fuel 
consumption, as well as decreasing brake-specific fuel consumption. 
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3. Using ethanol blended unleaded gasoline leads to a significant reduction in exhaust emissions. 
4. The addition of 25% ethanol to unleaded gasoline gives the best results in engine performance 
and exhaust emissions, with blends of 25% ethanol causing no problems in engine operation. 
 
A number of microorganisms have been shown capable of synthesising ethanol – albeit naturally or due to 
genetic manipulation.  Three microorganisms which have been studied intensely to this effect are 
Saccharomyces cerevisae, Zymomonas mobilis, and Escherichia coli, the most commonly used in ethanol 
production being the yeast Saccharomyces cerevisae which can produce ethanol to give a concentration of 
up to 18% v/v of the fermentation broth (Lin and Tanaka, 2006).  Wild-type S. cerevisae and Z. mobilis 
typically exhibit tolerance to exogenous ethanol at a concentration of 12-14% v/v (Taylor et al., 2009).   S. 
cerevisae also has GRAS status as a food additive for human consumption, thus is used in the production of 
alcohol beverages and for leavening bread (Lin and Tanaka, 2006). 
 
1.2.1 Saccharomyces cerevisae 
Saccharomyces cerevisae has a long history of being used in fermentation to produce ethanol for human 
consumption.  This yeast is one of the most-effective microorganisms for fermenting ethanol from hexose 
sugars (including glucose, galactose and mannose). It exhibits high ethanol productivity, can grow at low pH 
thereby preventing contamination by bacteria, and is highly tolerant to both ethanol itself and inhibitory 
compounds found in lignocellulosic biomass hydrolyates (Matsushika et al., 2009). Under anaerobic 
conditions, and discounting carbon assimilated into biomass and byproducts, S. cerevisiae converts 1 mol of 
glucose to 2 mol of ethanol via the Embden-Meyerhof pathway, pyruvate decarboxylase and alcohol 
dehydrogenase (Figure 3A). There is a net production of 2ATP from glycolysis and the cell’s redox balance can 
be maintained by oxidation of NADH via the production of ethanol, glycerol and succinate (Zaldivar et al., 
2002).   
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Figure 3: Overview of metabolic pathways in Saccharomyces cerevisae resulting in ethanol production (adapted from 
Zaldivar et al., 2002).  A: Ethanol production from glucose;  B: Engineered ethanol production from xylose.  PPP: Pentose 
phosphate pathway;  EMP: Embden-Meyerhof pathway (glycolysis);  Ru5p: ribulose-5-phopshate;  Ri5P: ribose-5-
phosphate;  Xu5P: xylulose-5-phosphate;  S7P: sedoheptulose-7-phosphate;  F6P: fructose-6 phosphate;  glycerol-3P;  
glyceraldehyde-3-phosphate;  Acetal: acetaldehyde;  G6P: glucose-6-phosphate;  XR: xylose reductase;  XDH: xylitol 
dehydrogenase.  The size of the arrows has been scaled according to flux distribution. 
 
 
A drawback to using S. cerevisae for production of bioethanol is that native strains are unable to utilise D-
xylose (hereafter referred to as xylose) for growth or fermentation, thus rendering this microorganism 
inapplicable for the production of ethanol from lignocellulosic biomass. S. cerevisae is only able to metabolise 
D-xylulose which is an isomerisation product of xylose (Matsushika et al., 2009).  In yeasts which can utilise 
xylose, this sugar is metabolised through a three-step process (figure 3B) by a Type-I pathway.  Xylose is 
reduced to xylitol by an NAD(P)H+-dependent xylose reductase (XR), this xylitol is subsequently oxidised to D-
xylulose by NAD+-dependant xylitol dehydrogenase (XDH), and then finally D-xylulose is phosphorylated into 
D-xylulose 5-phosphate by xylulokinase (XK).  D-xylulose 5-phosphate feeds into the pentose phosphate 
pathway (PPP) which subsequently leads to ethanol production (figure 3B) (Matsushika et al., 2009).  Most of 
these yeasts excrete substantial amounts of xylitol. This is due to the difference in coenzyme specificities 
between the mainly NADPH dependent XR and strictly NAD+ dependent XDH, resulting in excess NADH 
accumulation, a shortage of NAD+ and causing  redox imbalance in the cell. 
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The first xylose fermenting S. cerevisae was reported by H. Dellweg’s group in the late 1980s, which was 
achieved through heterologous expression of XYL1 and XYL2 encoding XR and XDH respectively from Pichia 
stipitis (Rizzi et al., 1988; Rizzi et al., 1989).  These proteins were chosen as, unlike in other xylose-fermenting 
yeasts, the XR of P. stipitis is capable of using NADH as a co-factor as well as NADPH, meaning that the strain 
should have excreted less xylitol during xylose fermentation (Matsushika et al., 2009).  However, in practice 
this was not found to be the case, this recombinant S. cerevisae strain produced a substantial amount of 
xylitol, and rate of xylose assimilation was half that of glucose (Hahn-Hägerdal et al., 2005); although 
expressing a higher level of XDH relative to XR has been shown to decrease xylitol production and increase 
ethanol yield (Walfridsson et al., 1997). 
 
In addition to introducing foreign pathways to convert xylose to D-xylulose (hereafter referred to as xylulose) 
downstream metabolism of xylulose may be improved by overexpressing native S. cerevisiae XK (figure 3B).  
A strain containing chromosomal integration genes encoding XR and XDH from P. stipitis and the S. cerevisiae 
XK converted 53g/L of glucose and 56g/L of D-xylose to 50g/L of ethanol in 36 hours (Ho et al., 1998); while 
continuous culture analysis of xylose fermentation in a similar strain resulted in ethanol yields of 0.35g/g 
carbon based on mixtures of glucose and xylose but only 0.21 g/g on xylose alone (Eliasson et al., 2000).  
 
Most bacteria use a Type-II pathway for xylose metabolism, converting xylose directly to xylulose using an 
xylose isomerise (XI), which as before, is phosporylated to xylulose 5-P by XK (Matsushika et al., 2009).  
Expressing XI rather than XR and XDH should reduce the excretion of xylitol as this enzyme does not require 
co-factors, thus does not alter intracellular redox balance during xylose fermentation.  Attempts to engineer 
a xylose fermenting S. cerevisae via the expression of bacterial XI has proven problematic.  Expression of xylA 
(encoding XI) from Clostridium thermosulfurogenes and Actinoplanes missouriensis yielded inactive proteins; 
whereas expression of this gene from Bacillus subtilis, E. coli, and Streptomyces rubiginosus yielded insoluble 
proteins which were catalytically inactive (Matsushika et al., 2009).  XI from Thermus thermophilis was the 
first functional XI expressed in S. cerevisiae, however the maximum specific activity for this enzyme occurs at 
85°C, thus expression resulted in poor xylose fermentation (Walfridsson et al., 1996).  High expression of 
fungal XI genes originating from Orpinomyces and Piromyces in S. cerevisiae yielded functional enzymes, but 
growth on xylose was very slow, in the case of the latter XI µ = 0.005 h-1 in shake-flask cultures (Kuyper et al., 
2003; Madhavan et al., 2009). 
 
Sedlak et al. (2003) integrated multiple copies of the XR, XD, and XK genes fused to glycolytic promoters into 
the S. cerevisae chromosome.  The resultant strain, 424A(LNH-ST), was capable of simultaneously co-
fermenting glucose and xylose, however this strain still ferments glucose several times faster than xylose 
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(Sedlak et al., 2003).  In mixtures of pure glucose (7%) and xylose (4%), 424A(LNH-ST) fermented 100% 
glucose and 88.5% xylose in 30 hours, yielding 0.41g of ethanol per g total sugar, which corresponds to 80% 
of the ethanol theoretical yield.  When lignocellulosic hydroylsates were used, 100% of the glucose was again 
consumed within the first 3 hours, and >65% xylose consumed within 48 hours, although the efficiency of 
fermentation was largely dependent on how the hydrolysates were prepared.  The ethanol yield from all 
lignocellulosic hydrolysates was >75% the theoretical yield of consumed sugar (Sedlak and Ho, 2004).  In 
comparison with E. coli KO11 and Z. mobilis AX101 (reviewed in sections 1.5.2 and 1.5.3), S. cerevisae 
424A(LNH-ST) consumed both glucose and xylose at a faster rate from hydrolysate obtained from AFEX-
pretreated corn stover (Lau et al., 2010). 
 
S. cerevisiae 424A(LNH-ST) was further developed to incorporate the capability to ferment another pentose 
found in lignocellulose, L-arabinose (Bera et al., 2010).  Initial attempts to reconstruct bacterial L-arabinose 
fermenting pathways in S. cerevisiae were performed by expressing the araA, araB, and araD genes from E. 
coli, or part of the L-arabinose (hereafter referred to as arabinose)  pathway from B. subtilis in this yeast.  
However this resulted in strains that produced little ethanol during arabinose fermentation (Sedlak and Ho, 
2001; Becker and Boles, 2003).  Ethanol yields of 0.43g/g from fermentation of arabinose were achieved 
when genes for the arabinose utilization pathway of Lactobacillus plantarum were overexpressed in 
conjunction with the S. cerevisiae genes encoding the enzymes of the nonoxidative pentose phosphate 
pathway. The resulting strain exhibited high rates of arabinose consumption (0.70g/h/ g cell dry weight) but 
was found to be unstable and unable to ferment all sugars efficiently (Wisselink et al., 2007).  A more 
successful approach was taken by Bera et al. (2010).  Genes encoding L-arabitol 4-dehydrogenase (LAD) and 
L-xylulose reductase (LXR) from fungi arabinose utilization pathways in Ambrosiozyma monospora and 
Trichoderma reesei respectively were expressed in S. cerevisiae 424A(LNH-ST).  The resulting strain  was 
capable of consuming a mixture of five sugars (glucose, galactose, mannose, xylose, and arabinose) within 72 
hours to produce ethanol to 73% of theoretical yield, although significant amounts of arabitol were also 
produced (Bera et al., 2010) 
 
1.2.2 Zymomonas mobilis 
The Gram-negative bacterium Zymomonas mobilis is able to grow and ferment rapidly, can tolerate high 
levels of ethanol and has product yield significantly higher than Saccharomyces cerevisae – its theoretical 
maximum yield of ethanol being 97% as compared with 90-92% for Saccharomyces cerevisae (Jeffries, 2005).  
Zymomonas mobilis is also generally regarded as having GRAS status.  Zymomonas is unique in its physiology, 
as it is the only microorganism to metabolise glucose anaerobically via the Entner-Doudoroff (ED) pathway as 
opposed to the Embden-Meyerhoff-Parnas (EMP) of glycolysis.  The ED pathway yields only half as much ATP 
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per mole of glucose as the EMP pathway – leading to the production of less biomass than with yeasts, with 
more carbon being funnelled to fermentation products.  Also, as a result of the low ATP yield, a high rate of 
glucose flux is maintained through the ED pathway (Dien et al., 2003).  One problem in using unmodified Z. 
mobilis for ethanol production on an industrial scale is that it is only able to utilise glucose, fructose and 
sucrose for fermentation due to deficiencies in glycolysis and the pentose phosphate pathway.  Therefore 
metabolic engineering strategies such as insertion of the genes for xylose and arabinose utilisation have been 
carried out on the microorganism in order to expand its substrate spectrum, and further improvements in 
substrate utilisation can be expected to be achieved from additional manipulations of the genome (Zaldivar 
et al., 2001; Jeffries, 2005). 
 
The first recombinant Z. mobilis strain capable of fermenting xylose was reported by Zhang et al. (1995).  
Four enzymes from E. coli were expressed in Z. mobilis: XI (encoded by xylA) and XK (xylB) to convert xylose 
into xylulose-5-phosphate; and transketolase (tktA), and tranaldolase (talB) to convert xylulose-5-phosphate 
to the intermediates of the ED pathway.  All four genes were expressed on a plasmid under the control of a 
strong, constitutive promoter.  The resulting strain CP4[pZB5] grew on xylose, with a reported ethanol yield 
of 86% and was capable of simultaneously co-fermenting both glucose and xylose (Dien et al., 2003).      
 
Further engineering was implemented to yield a Z. mobilis strain capable of fermenting arabinose. Four 
enzymes from E. coli were expressed on a plasmid in Z. mobilis: L-arabinose isomerase (encoded by araA), L-
ribulose kinase (araB), L-ribulose-5-phosphate-4-epimerase (araD), transketolase (tktA) and transaldolase 
(talB).  The first three enzymes are responsible for converting arabinose to xylulose-5-phosphate with the 
latter two carrying out the same role as in the xylose fermenting strain. This strain, ATCC39676[pBZB206], 
fermented 25 g/l arabinose to ethanol at 98% of theoretical yield.  However, the rate of arabinose 
fermentation was much lower than the rate found in the xylose-fermenting parent strain (Deanda et al. 
1996).  Z. mobilis does not possess active sugar transport systems: instead xylose and L-arabinose uptake is 
dependent on the native glucose permease transporter, resulting in low fermentation rates, particularly 
when the strain is grown on arabinose (Parker et al., 1995). 
 
In order to engineer a Z. mobilis strain capable of utilising xylose and arabinose which is suitable for industrial 
large-scale production of ethanol, the E. coli genes mentioned previously were integrated into the Z. mobilis 
chromosome, thus eliminating the need for the growth media to be supplemented with antibiotics.  The 
resultant strain, AX101, was able to ferment a mixture of 40 g/l glucose, 40 g/l xylose and 20 g/l arabinose 
with ethanol yields of 0.43-0.46 g/g sugar with only trace amounts of xylitol (3.35 g/l), lactic acid (0.21 g/l) 
and acetic acid (0.84 g/l). However, despite complete utilization of all glucose and xylose, 25% of the 
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arabinose remained unused after 50 hours (Mohagheghi et al., 2002).  AX101 was reported to produce less 
lactate as a by-product of fermentation than strains expressing the seven E. coli genes from a plasmid, owing 
to the fact that araABD was inserted into the chromosome in the putative lactate dehydrogenase gene 
(Lawford and Rousseau, 2002).    
 
A strain capable of fermentating cello-oligosaccharides was engineered by introducing the β-glucosidase 
gene from Ruminococcus albus and expressing this gene from a plasmid in Z. mobilis.  This gene was tagged 
with the 53-amino acid Tat signal peptide from the periplasmic enzyme glucose–fructose oxidoreductase 
from Z. mobilis, thus enabling 61% of β-glucosidase activity to be transported through the cytoplasmic 
membrane.  Fermentation of cellobiose by the recombinant Z. mobilis strain was delayed, however the 
ethanol produced was equivalent to the maximum theoretical yield, producing 0.49 g ethanol/g cellobiose 
(Yanase et al., 2005).  A cellulase encoding gene (predicted to encode a protein belonging to glycosyl 
hydrolase family 8) from Enterobacter cloacae was introduced to Z. mobilis, again via a plasmid.  The 
recombinant strain produced 5.5% and 4% v/v ethanol by fermenting carboxymethyl cellulose and 4% NaOH 
pretreated bagasse respectively, which was threefold higher than the concentration of ethanol obtained 
from the E. cloacae isolate the cellulose was sourced from (Vasan et al., 2011). 
 
1.2.3 Escherichia coli 
E.coli naturally ferments sugars to a mixture of ethanol and organic acids.  Under anaerobic conditions 
pyruvate is converted into acetyl-CoA and formate via pyruvate formate lyase (Pfl).  This acetyl-CoA is 
subsequently reduced to ethanol by a bi-functional alcohol dehydrogenase (AdhE).    For every one mole of 
ethanol synthesised, two moles of formate, one mole of acetate, and two moles of lactate are concurrently 
produced by fumarate reductase, acetate kinase, and lactate dehydrogenase respectively (figure 4). 
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Figure 4: E. coli fermentation pathways 
Relevant genes are shown in italics and their corresponding enzymes are: pflB, pyruvate formate lyase; pta, 
phosphotransacetylase; ak, acetate kinase; ldhA, lactate dehydrogenase; frdBC, fumarate reductase;  adhE, alcohol 
dehydrogenase. 
 
Ingram et al. (1987) introduced a synthetic ethanol pathway into E. coli to increase ethanol production.  E. 
coli TC4 contained a plasmid containing the PET operon (“production of ethanol”), which comprised pyruvate 
decarboxylase (pdc) and alcohol dehydrogenase (adh) genes from Z. mobilis under the control of a strong lac 
promoter (Ingram et al., 1987). As discussed earlier both yeast and Z. mobilis possess a homoethanol 
fermentation pathway where the conversion of pyruvate to ethanol is catalysed by pyruvate decarboxylase 
(PDC) which consumes one NADH for each mole of ethanol produced.  In E. coli ethanol is produced via 
pyruvate formate lyase (Pfl).  In this bacterium, conversion from pyruvate to ethanol is unbalanced as for 
every one NADH generated from the conversion of sugar to pyruvate two NADH are required for the 
conversion of pyruvate to ethanol (Dien et al., 2003).  Thus it was expected that expression of the Z. mobilis 
PDC in E coli would increase ethanol production. 
 
To further increase flux from pyruvate to ethanol in an E. coli strain containing this plasmid the native 
pyruvate formate lyase gene (pflB) was knocked-out, thereby removing formate production.  The resulting 
strain, E. coli TC4 produced ethanol as its primary fermentation product, however it was too genetically 
unstable for use in industrial scale fermentations (Ingram et al. 1987).  Ohta et al. (1991a) attempted to 
improve this strain by inserting the PET operon chromosomally into the pflB loci, however due to a low 
‘gene-dosage’ the resulting E. coli produced less ethanol than the previous plasmid-bearing strain. The 
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chromosomal insertion contained a chloramphenicol resistance marker, so transformants were screened for 
elevated resistance to this antibiotic.  It was reasoned that hyper- chloramphenicol resistant mutants would 
exhibit increased expression of PET gene products.  To further increase ethanol titres succinate formation 
was ceased by disrupting fumarate reductase (frdBC).  This resultant strain denoted KO11 was capable of 
converting glucose to ethanol at 103-106% of the theoretical yield (Ohta et al., 1991a).  The extra ethanol 
was hypothesised to have arisen from fermentation of carbohydrates found in the media which were not 
taken into account in the sugar balance (Dien et al., 2003).  Strain KO11 has been reported to grow faster 
when utilising xylose as a carbon source compared to its parent strain as KO11 also over-expresses xylose 
metabolism genes (Tao et al., 2001). 
 
To increase tolerance to exogenous ethanol Yomano et al. (1998) designed an enrichment method which 
selects alternatively for tolerance to ethanol during growth in liquid media, and ethanol production on solid 
medium. Mutants of KO11 were isolated which exhibited increased tolerance towards and higher production 
of ethanol – the best mutant, designated LY01 able to produce more than 60g ethanol L-1 from xylose in 72 
hours (Yomano et al., 1998).  Microarray analysis of LY01 revealed increased levels of betaine synthesis and 
glycine metabolism (these being protective osmolytes) in this strain, thus linking ethanol tolerance to 
osmotic stress (Gonzalez et al. 2003).  Although KO11 and LY01 are good preliminary strains in developing E. 
coli for industrial production of ethanol, a drawback with these strains is they both require rich nutrients for 
ethanol production (Clomburg and Gonzalez, 2010).  Strain SZ110, a lactate producing derivative of KO11 was 
re-engineered to increase flux towards ethanol by deleting all genes encoding fermentative routes for NADH 
oxidation.  A promoterless mini-Tn5 cassette containing the PET operon was randomly inserted into the 
chromosome.  A strain (designated LY160) in which this cassette had been integrated behind the promoter 
expressing rrlE was found to ferment 9% w/v xylose to 4% w/v ethanol in 48 hours in a minimal medium, 
nearly equal to yields obtained by KO11 in LB (a rich media) (Yomano et al., 2008). 
 
E. coli strain FBR5 contained mutations in pflB and ldhA, which results in a strain incapable of anaerobic 
growth as it lacks the ability to reduce pyruvate and recycle NADH produced by glycolysis (Dien et al., 2003).  
Fermentative growth was restored when this strain was transformed with pLOI297, which expresses the PET 
operon: this resultant strain produced higher titres of ethanol from glucose, xylose, or arabinose with no 
requirement to supplement the media with an antibiotic for retention of the plasmid, as plasmid-free cells 
are unable to grow (Hespell et al., 1996; Dien et al., 1998).  FBR5 was used to ferment hydrolysates from corn 
hulls and germ meal, producing ethanol yields in continuous culture of 0.45-0.51 g/g in 36-60 hours (Dien et 
al., 2003).  Sugar utilisation by FBR5 was further developed by introducing a mutation to ptsG encoding the 
  
29 
 
phosphoenolpyruvate-glucose phosphotransferase system, thereby creating a strain capable of 
simultaneously utilising glucose, xylose, and arabinose (Nichols et al., 2001).  
 
1.2.4 Other mesophilic ethanogens 
Organisms less well characterised than S. cerevisiae, Z. mobilis and E.coli have also been considered as 
ethanol production hosts. 
 
Transformation of Klebsiella oxytoca M5A1 with a plasmid containing the PET operon increased molar 
concentrations ethanol to greater than 90% of the overall fermentation products.  Intriguingly, expressing 
this operon on a low copy number plasmid (pLOI555) resulted in higher concentrations of ethanol produced 
compared to expression on a high copy number plasmid (Ohta et al., 1991b).  Unlike other mesophilic 
ethanogens M5A1(pLOI555) fermented xylose as rapidly as glucose at a rate of 2 g/l/h during the first 24 
hours (Dien et al., 2003).  The PET operon linked to a chloramphenicol resistance marker was chromosomally 
integrated into the M5A1 pfl gene, and selected hyper-resistant clones exhibited enhanced ethanol 
production (as with selection of E. coli KO11; reviewed in 1.5.3); the best mutant, P2, exhibiting similar 
ethanol titres to M5A1(pLOI555) (Wood and Ingram, 1992).  Cloning of genes encoding endoglucanases for 
cellulose hydrolysis and enzymes involved in xylan degradation from Clostridium thermocellum further 
extended the feedstock range K. oxytoca P2 can utilise for ethanol production. This strain fermented 
crystalline cellulose to 43g/l ethanol, which represented 76% of the theoretical yield in 96 hours. Moreover, 
39 g/l ethanol could be produced by this strain from feedstocks such as waste office paper and sugarcane 
bagasse, although the fermentation time for the latter was 7 days (Jarboe et al, 2007; Wood and Ingram, 
1992). Ethanol production was further optimised by deleting the competing butanediol pathway to give a 
strain capable of producing 40g/l ethanol in 48 hours with a yield of 0.47g ethanol/g glucose in a minimal 
medium (Wood et al., 2005).  Despite the improvement in ethanol production of  K. oxytoca, E. coli KO11 
fermentations still produce more than 40% more ethanol overall (Dien et al., 2003).   
 
Lactic acid bacteria has also been engineered to produce ethanol, however attempts to do this have yielded 
mixed results. The Z. mobilis pdc and adh genes were expressed via a plasmid in Lactobacillus casei, resulting 
in a 2-fold increase in ethanol production over the parental strain (Gold et al., 1996).  However expression of 
the PET operon in Lactococcus lactis had no effect on overall ethanol production (Liu et al., 2005; Nichols et 
al., 2003). 
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1.2.5 Thermophiles 
Thermophilic bacteria have an optimum temperature for growth between 45-70°.  There are a number of 
advantages to the use of thermophilic organisms in ethanol fermentation over mesophilic organisms.  Wiegel 
(1980) lists these advantages as: 
1. High yields attainable due to the possible fermentation of a wide range of sugars. 
2. High product yields and less biomass production. 
3. Fast fermentation due to high metabolic activity. 
4. No or little danger of contamination by undesirable microorganisms. 
5. Easy to maintain anaerobic conditions. 
6. It is easier to heat than to cool fermentation vessels. 
7. Possibility of continuous distillation of volatile products such as ethanol directly from continuous 
cultures in fermentation vessels. 
 
Several thermophiles have been evaluated for their potential in ethanol production – including Clostridium 
thermocellum, Thermoanaerobacter thermohydrosulfururicus, T. ethanolicus, T. brockii, and T. 
saccharolyticum (Demain et al., 2005; Wiegel et al., 1985).  However, thermophilic bacteria tend to exhibit 
low tolerance to ethanol, high by-product formation and they may be subject to inhibition by pre-treatment 
substances (Taylor et al., 2009).  Ethanol tolerance in wild type thermophiles has been reported as high as 10% 
and 15% v/v for Geobacillus thermoglucosidasius M10EXG and Anoxybacillus sp. WP06  respectively (Fong et 
al., 2006; Peng et al., 2008).  Ethanol tolerance has also been increased by adaptation in the thermophile 
Thermoanaerobacter ethanolicus. The wild-type of this organism can tolerate only 1.5% v/v ethanol, however, 
a mutant strain lacking a primary Adh and displaying an increase in the percentage of transmembrane long-
chain (C30) fatty acids was able to survive and replicate in 8% v/v ethanol (Burdette et al., 2002) 
 
Clostridium thermocellum is an anaerobic bacterium which ferments cellulose as a sole carbon source to 
ethanol, acetate, lactate, CO2 and H2 (Herrero and Gomez, 1980).  C. thermocellum JW20 has a broad 
substrate specificity, and is capable of utilising not only cellulose, but also cellobiose, and xylooligomers, as 
well as (after adaptation) glucose, xylose and fructose (Freier et al., 1988).  A mutant containing a disruption 
in Ldh was isolated from this Clostridium after mutagenesis with UV light. This mutant was capable of 
producing approximately 12.5 g/l-1 ethanol (compared with a yield of 5 g/l attained by the parent strain) and 
exhibited an increased tolerance to exogenous ethanol of up to 4% v/v (Tailliez et al., 1989).  A gene transfer 
system has been developed for C. thermocellum which was used to knock-out the ldh, ak and pta genes in a 
related strain, Thermoanaerobacterium saccharolyticum, resulting in a reduction in lactate and acetate 
production.  However to date thermophilic Clostridia are not industrially viable as a production host due to 
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their low tolerance to ethanol and their inability to efficiently ferment pentose sugars such as xylose (Taylor 
et al., 2009). 
 
Thermoanaerobacterium saccharolyticum is a thermophilic, anaerobic bacterium which exhibits one of the 
highest rates of cellulose utilization reported (Lynd et al., 2002).  To improve ethanol yields produced by this 
bacterium during fermentation carbon flux was redirected towards ethanol by deleting genes encoding Ldh, 
Pta, and Ak. The resulting strain, ALK2, produced ethanol as the sole detectable fermentation product from 
simultaneous hydrolysis and fermentation: the maximal ethanol titre being 37 g/l.  T. saccharolyticum ALK2 
co-utilised glucose and xylose, with utilisation of mannose and arabinose commencing before the exhaustion 
of this sugars.  Intriguingly, introduction of these knock-outs also resulted in substantial changes in electron 
flow; ethanol formation in ALK2 utilises pyruvate:ferredoxin oxidoreductase which differs from pathways 
conventionally utilised in homoethanol fermentation by mesophilic xylose-utilising strains. (Shaw et al., 2008). 
 
1.3 Biobutanol 
In recent years higher alcohols such as 1-butanol (hereafter referred to as butanol) have been under the 
spotlight for their perceived advantages over ethanol as a substitute for conventional gasoline.  These include 
(Keasling and Chou, 2008; Inui et al., 2007; DuPont Corp., 2006) 
 butanol, with 3 C-C bonds and a higher C/O ratio, more closely resembles the hydrocarbons present 
in gasoline and diesel giving it a greater energy density than ethanol. 
 is less hygroscopic than ethanol making it less corrosive during storage and transport in existing 
pipelines 
 is compatible for use in current engine technology at higher concentrations than ethanol when 
blended with gasoline  
 has a volumetric energy 1.5 times greater than ethanol resulting in better fuel economy 
 lower vapour pressure, reducing the chance of vapour lock 
 
Currently butanol is produced almost exclusively via petrochemical synthesis.  To produce butanol in this 
manner an oxo reaction from propylene is used to produce butyraldehyde, which is then reduced to butanol 
by hydrogenation (Dürre, 2008).  In 2007 the US butanol market was worth $2.9 billion, and this is set to 
increase in coming years as interest in this alcohol as an alternative fuel increases (Ezeji et al., 2007b).  
Currently, the primary use for butanol is a solvent; however, several companies including BP and DuPont are 
developing methods to utilise bacteria to produce butanol on a large scale for fuel from renewable sources 
(DuPont Corp., 2008). 
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1.3.1 ABE Fermentation by Solventogenic Clostridia 
The first observation that bacteria were able to produce butanol was made by Louis Pasteur in 1861.  Later, 
in 1912 Chaim Weizmann isolated the solventogenic Clostridium acetobutylicum which became the organism 
of choice for synthesising butanol and acetone by fermentation for commercial use (Ezeji et al., 2004a; Dürre, 
2008).  The acetone-butanol-ethanol (ABE) fermentation occurs when a carbohydrate substrate is converted 
to a mixture of the solvents acetone, butanol, and ethanol in an approximate ratio of 3:6:1 (Karakahev et al., 
2007).  Until the beginning of the 1950s 66% of the butanol used world-wide was sourced from ABE 
fermentation, however the second part of the twentieth century saw a decline in producing butanol in this 
manner in favour of its production from petrochemicals (Rose, 1961).   
 
ABE fermentation is typically associated with Clostridium spp., which are Gram-positive, spore-forming 
obligate anaerobes. Not all clostridia are capable of conducting ABE fermentation, and those which do are 
collectively known as solventogenic clostridia.  Solventogenic clostridia include the species C. acetobutylicum, 
C. beijerinckii, C. saccharoperbutlacetonicum, C. saccharoacetobutylicum, C. aurantibutyricum, C. 
pasteurianum, C. sporogenes, C. cadaveris, and C. tetanomorphum (George et al., 1983; Gottwald et al., 1984; 
Keis et al., 1995).  C. acetobutylicum and C. beijerinckii are the most characterised of the solventogenic 
clostridia, and their genomes have recently been sequenced (Karakahev et al., 2007; Nölling et al., 2001).  
Both strains were originally classified as C. acetobutylicum and were used in ABE fermentation on an 
industrial scale until the 1950s (Jones and Woods, 1986).  These two clostridia are able to utilise mixed sugars 
and starch containing substrates, making them ideal for butanol production on an industrial scale using 
agricultural by-products and wastes as fermentation substrates (Ezeji et al., 2007a; Mutschlechner et al., 
2000).   
 
Figure 5 illustrates carbon flow from acetyl-CoA to the formation of solvents and acids via the three branch-
points through acetyl-CoA, acetoacetyl-CoA, and butyryl-CoA.  Apart from acetone, butanol and ethanol, 
solventogenic clostridia are able to produce acetic, butyric and lactic acids, however these solvents and acids 
are not synthesised simultaneously.  Instead, solventogenic clostridia undergo two distinct phases of product 
formation during batch culture.    
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Figure 5: Fermentation pathways of C. acetobutylicum.   
Genes are shown in italics and their corresponding enzymes are: pflB, pyruvate ferredoxin oxidoreductase; thl, thiolase; 
hbd, 3-hydroxybutyryl-CoA dehydrogenase; crt, crotonase; bcd, butyryl-CoA dehydrogenase; etfAB, electron transfer 
flavoproteins; pta, phosphotransacetylase; ak, acetate kinase; ptb, phosphotransferase; buk, butyrate kinase; ctfAB, 
acetoacetyl-CoA:acetate/butyrate:CoA transferase; adc, acetoacetate decarboxylase; adhE/adhE2, aldehyde/alcohol 
dehydrogenase. 
 
 
In exponential growth, cells enter the first phase which is acidogenesis.  During this phase acetate and 
butyrate are formed from acetyl-CoA and butyryl-CoA respectively via the synthesis of an intermediary acyl-
phosphate.  Conversion of this acyl-phosphate to its corresponding acid results in the generation of ATP 
required for cell growth.  However, accumulation of these acids is toxic to the organism due to the resulting 
drop in extracellular pH.  When the extracellular pH drops to less than 4.5 undissociated acids diffuse into the 
cytoplasm, resulting in the collapse of the proton gradient across the cytoplasmic membrane and 
consequently cell death (Dürre, 2008).  To alleviate this effect, as the concentration of undissociated acids 
increases the cells enter stationary phase and solventogenesis is triggered (Maddox et al., 2000).  In this 
phase solvent production predominates; acetone, butanol, and ethanol are generated as the cells take up the 
previously formed acids (Harris et al., 2000).  Conversion of butyrate and acetate into solvents leads to an 
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increase in extracellular pH, resulting in a decrease in undissociated acids entering the cell.  These solvents 
however can also become toxic to the cell, consequently the formation of endospores occurs simultaneously 
with the onset of solventogenesis, and as a result, the regulatory networks of the two are closely linked 
(Dürre, 2008).     
 
During solventogenesis carbon flow from acetyl-CoA and butyryl-CoA switches to the production of the 
intermediates acetaldehyde and butyraldehyde, which are then further reduced by alcohol dehydrogenases 
to form ethanol and butanol respectively.  Five enzymes are needed to convert acetyl-CoA to butanol.  These 
are acetoacetyl-CoA thiolase, 3-hydroxybutyryl-CoA dehydrogenase, crotonase, butyryl-CoA dehydrogenase 
and aldehyde/alcohol dehydrogenase which are encoded by thl, hbd, crt, bcd/etfAB, and adhE/adhE2 
respectively (figure 5) (Atsumi et al., 2008a).  The hbd, crt, etf, and bcd genes are located on the C. 
acetobutylicum chromosome together as an operon, termed the BCS operon, while adhE and adhE2 are 
located on the pSOL megaplasmid.  Loss of this plasmid renders C. acetobutylicum unable to carry out 
solventogenesis (Woods, 1995).   
 
Solventogenic clostridia are able to utilise a wide range of carbohydrate substrates.  For the production of 
butanol, most will completely ferment glucose, fructose, mannose, sucrose, lactose, starch, dextrin, 
arabinose and xylose; and partially consume galactose, raffinose, melezitose, inulin and mannitol (Jones and 
Woods, 1986).  A microorganism which can utilise agricultural waste or cellulosic biomass such as corn stover, 
corn fiber, wheat straw, barley straw, and miscanthus to produce butanol would increase the economic 
viability of this process (Tao and Aden, 2009).  Substrates from agricultural waste which have been used in 
ABE fermentation include starch-based packaging materials, corn fibre hydrolysate, soy molasses, fruit 
processing industry waste, and whey permeate resulting in total solvent production of 14.8 to 30.1 g/l (Ezeji 
et al., 2004a).  C. saccharoperbutylacetonicum has also been shown to use bagasse and rice straw as 
substrates for ABE fermentation (Soni et al., 1982).  C. acetobutylcum NRRL B527 and ATCC 824 have been 
reported to exhibit cellulolytic and extracellular and cell-bound endoglucanase and cellobiose activities.  They 
also exhibit xylanase, xylopyranosidase and arabinofuranosidase activities and hydrolysed xylan (Lee et al., 
1985).  This highlights the potential for direct production of butanol from cellulosic biomass.   
 
 
1.3.2 Improving Butanol production by Solventogenic Clostridia 
Many attempts have been made to increase the butanol titres of solventogenic clostridia through metabolic 
engineering; however progress in this area has been initially impeded by a lack of efficient genetic tools for 
clostridia.  Using classical homologous recombination to generate Clostridium spp. mutants has been 
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problematic; however with recent advances in clostridial genetics such as the development of the knock-out 
system ClosTron clostridial genome information can now be more readily exploited (Heap et al., 2007).  A 
number of avenues have been explored to date in an attempt to increase the relative carbon flux to butanol 
to achieve higher titres and decrease undesired fermentation products, thereby making product recovery 
much easier.  However, solvent production in clostridia is controlled by a number of regulatory systems, and 
multiple genes are needed to be overexpressed or downregulated in order to fully optimise butanol 
production. 
 
The transcriptional regulator protein which is responsible for sporulation in clostridia is SpoOA, which also 
acts as a positive regulator for the activation of genes responsible for solventogenesis (Woods, 1995).  SpoOA 
is believed to decrease the negative supercoiling of DNA, which is a characteristic of C. acetobutylicum during 
solventogenesis (Wong and Benett, 1996).  SpoOA also binds to the promoter OA boxes of ptb and adc, 
resulting in the downregulation of ptb (coding for butyrate synthesis) and upregulation of adc (coding for 
acetone synthesis) which is beneficial for butanol production (Mermelstein et al., 1993).  Harris et al. (2002) 
generated two recombinant C. beijerinckii strains, with spoOA either being inactivated or overexpressed.  
Inactivation of this gene led to a decrease in acetone and butanol formation (0.1 and 1.0 g/l respectively) 
compared to the wild-type strain (5.3 and 12.7 g/l respectively).  Overexpression of spoOA led to an increase 
in butanol production to 10.2 g/l compared to the 9.2 g/l produced by a control strain (Harris et al., 2002).  
Although overexpression of this gene increases butanol production, it would not be beneficial to use this 
strain in an industrial fed-batch culture, as sporulation results in the cessation of solvent production. 
 
Overexpression of acetoacetyl-CoA:acetate/butyrate:CoA transferase and acetoacetate decarboxylase, 
encoded by ctfAB and adc respectively, which are responsible for the synthesis of acetone also has a 
beneficial effect on butanol production.  Overexpression of these genes in C. acetobutylicum led to an 
increase in butanol and acetone production by 37% and 90% to give final yields of 13.2 g/l and 8.6 g/l 
respectively (Mermelstein et al., 1993).   
 
The work carried out Mermelstein et al. (1993) and Harris et al. (2002) highlights the tight association of 
butanol and acetone synthesis; however it would be desirable to limit acetone production in ABE 
fermentations for ease of butanol recovery.  In an effort to create a strain of C. acetobutylicum which 
primarily produced butanol, Sillers et al. (2008) used C. acetobutylicum M5, a strain which lacks the pSOL 
megaplasmid, thus being unable to undergo solventogenesis or form spores, as a platform for metabolic 
engineering (Cornillot et al. 1997). The aad gene on the pSOL megaplasmid encodes the main solventogenic 
aldehyde/alcohol dehydrogenase.  This was, therefore overexpressed in C. acetobutylicum M5, which led to 
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the restoration of butanol synthesis to wild-type levels (11.1 g/l).  However as no acetone was produced by 
this strain the re-assimilation of acetate could not occur resulting in high concentrations of this acid.  To 
overcome this problem thiolase was overexpressed in this strain in order to reduce the acetyl-CoA pool and 
enhance carbon flux to butyryl-CoA.  This led to a reduction in acetate and ethanol levels; however, butanol 
production also decreased to 8.0 g/l (Sillers et al., 2008). 
 
Tummala et al. (2003) used antisense RNA (asRNA) constructs to downregulate ctfB in an attempt to increase 
the butanol to acetone ratio in C. acetobutylicum fermentations.  In the downregulated strain both butanol 
and acetone titres were significantly reduced; however overexpression of aad in this strain restored butanol 
levels back to those of the control strain.  The final butanol to acetone ratio of this engineered strain was 
4.89 ± 0.29, a two fold increase over that of the control strain (1.83 ± 0.05) (Tummala et al., 2003).  
Nakayama et al. (2008) took a difference approach to this by altering the amount of NADH available as a 
reducing power within the cell.  Higher concentrations of intracellular NADH are favourable for butanol 
production as the conversion of acetoacetyl-CoA through to butanol requires a total of four moles of NADH, 
whereas none is required for conversion to acetone.  Using asRNA, expression of hupCBA, which encodes a 
H2-uptake hydrogenase and generates NADH, was downregulated in C. saccharoperbutylacetonicum.   
Downregulation of this gene resulted in the production of butanol decreasing by 75.6% whereas acetone 
production increased 1.6 fold.  The total concentration of solvents produced was not affected, but the 
butanol to acetone ratio changed from 2.9 to 1.3 (Nakayama et al., 2008).  These results suggest that 
overexpression of enzymes which result in the generation of NADH may lead to an increase in butanol 
production.  
 
The use of asRNA was also employed by Desai et al. (1999) to downregulate genes involved in the formation 
of butyrate.  Ptb and buk encoding phosphotransbutyrylase and butyrate kinase respectively with the aim of 
decreasing butyrate production.  On the contrary, when buk was downregulated butyrate production 
increased by 34% compared to the control strain and an increase in butanol production of 35% was achieved.  
Downregulation of ptb had no effect on butyrate production, however butanol production decreased by 75% 
(Desai et al., 1999).  The conversion of butyryl-phosphate to butyrate by Buk synthesises one mole of ATP 
required for energy within the cell, therefore the adverse effects seen when downregulating ptb and buk may 
have been the result of decreasing ATP concentrations within the cell (Zheng et al., 2009).   
1.3.3 The use of Amino acid Biosynthesis pathways as an alternative route to Butanol 
Other pathways excluding typical fermentation pathways can also be manipulated for the production of 
butanol.  James Liao’s group have engineered butanol production from E. coli using the host’s amino acid 
biosynthetic pathways to divert 2-keto acid intermediates to synthesis of higher alcohols.  2-keto-acid 
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decarboxylases (Kdc) were expressed to convert 2-keto acids to aldehydes, and then the expression of 
alcohol dehydrogenases (Adh) used to convert these aldehydes to alcohols.   
 
A side reaction of leucine biosynthesis is the norvaline biosynthesis pathway which produces 2-ketovalerate, 
however this is a rare metabolite as norvaline is an unnatural amino acid (Atsumi et al., 2008b; Shen and Liao, 
2008).  Kivd, a Kdc from Lactococcus lactis was introduced into E. coli alongside Adh2 from Sacchromyces 
cerevisae, resulting in the conversion of the 2-ketovalerate to 1-butanol by cells during non-fermentative 
growth.  This is illustrated in figure 6.  However as 2-ketovalerate is only present in the cell in minute 
amounts, butanol production was extremely low (220 μM).  To increase butanol production intracellular 2-
ketovalerate levels were increased by introducing an ilvA-leuABCD operon to the strain; ilvA encodes 
threonine dehydratase which catalyses the conversion on L-threonine to 2-ketobutyrate, and leuABCD 
converts 2-ketobutyrate to 2-ketovalerate.  The overexpression of these genes led to a 3-fold increase in 
butanol production (~30 mg/l). Threonine availability was found to be a bottleneck in butanol accumulation 
as native production of this amino acid is subject to negative feedback inhibition. Overexpression of the 
feedback-resistant threonine production operon thrAfbrBC resulted in a further 3-fold increase in butanol titre 
(~100 mg/l) (Atsumi et al., 2008b).  Synthesis of butanol was further improved through the deregulation of 
amino-acid biosynthesis and elimination of competing pathways.  Host genes metA and tdh, coding for 
homoserine O-succinyltransferase and threonine dehydrogenase respectively, were knocked out resulting in 
the combined production of 1.2 g/l 1-propanol and butanol, however the main contribution towards this 
came from 1-propanol.  Upon interruption of the valine, leucine and isoleucine biosynthesis pathway a two-
fold increase in 1-butanol (~0.8 g/l) was further achieved (Shen and Liao, 2008).   
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Figure 6: Butanol production via the norvaline biosynthetic pathways in the engineered E. coli.   
Genes are shown in italics.  Pathways directly leading to the synthesis of butanol are shown in bold.  
 
 
1.4 Pyruvate Dehydrogenase  
In most organisms oxidative decarboxylation of 2-keto acids is accomplished by the 2-keto-acid 
dehydrogenase multienzyme complexes, which produce the corresponding acyl-CoA and NADH (Borges et al., 
1990).  The pyruvate dehydrogenase complex links glycolysis to the TCA cycle by oxidatively decarboxylating 
pyruvate to acetyl-CoA and carbon dioxide (Kaiser and Sawers, 1994).  The overall reaction is as follows 
(Arjunan et al., 2002): 
 
pyruvate + CoA + NAD+ → acetyl-CoA + CO2 + NADH + H
+ 
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The pyrvuvate dehydrogenase multienzyme complex (PDH) comprises three distinct enzymes (Borges et al., 
1990) : 
E1 - A pyruvate decarboxylase.  In many organisms  this enzyme is comprised of two subunits: E1α 
and E1β 
 E2 – A dihydrolipoamide acetyltransferase 
 E3 – A dihydrolipoamide dehydrogenase 
 
E1 catalyses the thiamine-diphosphate (ThDP)-dependant oxidative decarboxylation of pyruvate. This is 
followed by the reductive acylation of a lipoyl prosthetic group (Lip) covalently bound to a lysine residue in 
the lipoyl domain of the E2 subunit and subsequently the transfer of the acyl group to form acetyl CoA. 
Finally the reoxidation of the resulting dihydrolipoyl group is catalysed by the E3 subunit, a flavoprotein (FAD), 
generating NADH and CO2 (Bunik 2003). The reactions can be summarized as follows: 
 
 
Multiple copies of E1 and E3 bind tightly (but not covalently) to and around the E2 core, with E1 being 
present in a greater numbers.  These PDH complexes are enormous in size, with a molecular mass of 5-10 × 
106 and a diameter of up to 50 nm they are significantly larger than a ribosome.  In E. coli and most Gram-
negative bacteria the E2 core comprises 24 polypeptide chains arranged in an octahedral symmetry; whereas 
in most Gram-positive bacteria including Geobacillus stearothermophilis the core contains 60 E2 molecules as 
a pentagonal dodecahedron with icosahedral symmetry (Domingo et al., 1999).   
 
  
40 
 
1.4.1 Applications of PDH for fermentation of biofuels              
As well as re-oxidising NADH, organisms growing anaerobically must be able to generate acetyl-CoA for 
biosynthesis.  Aerobically, this is typically achieved via PDH.  In organisms growing by anaerobic fermentation 
different enzymes are used to catalyse this process; however, in facultative anaerobes the enzyme pyruvate-
formate lyase (Pfl) is predominately the catalyst in this reaction.  Pfl is extremely oxygen sensitive, thus is  
active only under stringent anaerobiosis (Wagner et al., 1992).  As well as producing acetyl-CoA from 
pyruvate, Pfl yields formate, which is equivalent to the PDH reaction except that the reducing equivalents 
arising are retained with the CO2, rather than being transferred to NAD
+.  
 
In organisms such as E coli, that use the Pfl pathway, this sequestering of reducing equivalents allows the 
subsequent metabolism of acetyl-CoA to generate ATP, which is highly beneficial given the low ATP yield 
from the metabolism of glucose to pyruvate. In S. cerevisiae and Z. mobilis, organisms which retain the 
reducing equivalents in the fermentation pathway (as acetaldehyde in these cases), the resulting redox 
balance means that it is not possible to produce more ATP. As a result, these organisms have lower cell yields 
than E coli.   
 
In facultative anaerobes which use Pfl under anaerobic conditions PDH is usually responsible for conversion 
of pyruvate to acetyl-CoA under aerobic conditions, producing acetyl-CoA for the TCA cycle.  However due to 
the induction of Pfl it has been widely regarded that PDH is primarily an aerobic enzyme and its possible role 
in providing carbon flux for fermentation pathways has been largely overlooked.   
 
The lack of activity of PDH under anaerobic conditions is thought to be a result of the inhibition of PDH by 
both NADH and pyruvate (Kim et al., 2007).  As a consequence of its central role in metabolism, PDH is 
regulated  at both genetic and biochemical levels.   The complete oxidation of sugar generates NADH, which 
is subsequently reoxidised to NAD+ by oxygen via the electron transport chain resulting in the synthesis of 
ATP.  These enzyme reactions are tightly coupled to maintain the internal redox balance of NADH to NAD+ 
and ATP to ADP + AMP so that growth may be supported at the maximal rate (Wang et al., 2010).  Activity of 
PDH generates NADH, thus under conditions in which a high NADH/NAD+ ratio exists (i.e. anaerobic growth 
using an energy source with a high level of reduction) activity of PDH is unfavourable over the use of Pfl.  As a 
consequence, this negative feedback circuit ensures that PDH is ‘switched-off’ under these conditions (Snoep, 
2003).   
   
However there are clearly exceptions.  Taylor (2007) demonstrated by RT-PCR and enzyme activity assays 
that in a ∆ldh (lactate dehydrogenase) Geobacillus sp. strain PDH was active together with Pfl.  In many 
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obligate anaerobes the contribution from TCA cycle enzymes to catabolism is reduced in absence of oxygen 
(or an external alternative electron acceptor); instead pyruvate or acetyl-CoA acts as the electron acceptor, 
which are further reduced to lactate or ethanol respectively (Wang et al., 2010).  It was concluded that this 
was due to the accumulation of pyruvate resulting from knocking-out lactate dehydrogenase and the 
consequent need to distribute carbon flux from pyruvate via alternative pathways to Pfl (Taylor, 2007). The 
fact that this provided a functional metabolic pathway also suggests that the enzyme from Geobacillus spp. 
may not be inhibited by NADH and pyruvate.  Kim et al. (2007) have shown that a random mutation which 
enabled anaerobic growth of a Δldh Δpfl strain of E. coli was located in the PDH operon.  Mutations resulting 
in anaerobic growth were single base mutations which had resulted in an alteration of a single amino acid 
being synthesised; and were located in lpd encoding dihydrolipoamide dehydrogenase (Kim et al., 2008).  
Mutations resulted in a lower sensitivity to feedback inhibition from NADH in PDH; leading to increased PDH 
activity in these strains.  It has also been reported that in S. mutans NCTC 10449 and E. coli K-12 strain 37 
grown in glucose limiting conditions, exhibit low levels of PDH activity under anaerobic conditions (Carlsson 
et al., 1985).   
   
A novel fermentation pathway involving PDH rather than Pfl (or equivalent), which retains the reducing 
equivalents from pyruvate oxidation, could open up a number of opportunities for metabolic engineering. As 
well as providing a novel route for ethanol production, the change in redox balance opens up opportunities 
for the production of higher alcohols such as butanol (or longer chain alcohols) as sole fermentation products.  
 
1.5 Aims and Objectives 
The aim of this study is to metabolically engineer various bacterial species to produce the biofuels ethanol 
and butanol by directing flux through pyruvate dehydrogenase – an enzyme which is not usually involved in 
fermentation in facultative anaerobes.   
 
In order to achieve these aims the following objectives must be met:  
 As ‘proof of prinicple’, and ethanogenic strain of Geobacillus thermodenitrificans will be engineered, 
and ethanol titres optimised through through further metabolic engineering. 
 Ethanol production in Bacillus subtilis will be increased by driving flux through pyruvate 
dehydrogenase. 
 Ethanol production in Escherichia coli will be increased by expressing a pyruvate dehydrogenase 
from Enterococcus faecalis in this organism 
 A butanol synthesis pathway will be built in an Escherichia coli strain with pyruvate dehydrogenase 
which is active under anaerobic conditions  
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2 Methods 
2.1 Storage and maintenance of strains and plasmids 
2.1.1 Frozen Glycerol Stocks 
Stocks of the strains used in this study were prepared by mixing 500 μl of sterile 80% w/v glycerol with 1 ml 
of fresh culture in a cryogenic vial (Thermo Scientific Nalgene, Loughborough, UK).  Stocks were rapidly 
frozen by transfer to a -80°C freezer. 
 
2.1.2 Working culture agar plates 
Frozen glycerol stocks were streaked onto the appropriate agar, and incubated overnight (approximately 16 
hours) at the appropriate temperature.  Plates were stored at 4°C and discarded after 2 weeks. 
 
2.1.3 Sterilisation 
All media, instruments and containers were sterilised by autoclaving at 121ºC/103 Pa for 20 minutes.  Heat 
labile solutions were filter sterilised through a Minisart 0.2μm syringe filter (Sartorius Stedim, Goettigen, 
Germany) or through Nalgene 0.2 μm filter units (Thermo Scientific Nalgene, Loughborough, UK) for volumes 
over 250ml.  Metal loops were sterilised by flame, and gamma irradiated disposable spreaders were used. 
 
2.1.4 Antibiotics 
Maintenance of plasmids required media containing a specific antibiotic whose resistance was selected for by 
the plasmid.  Antibiotics were used at the following concentrations: E. coli ampicillin 100μl/ml, 
chloramphenicol 25µl/ml, kanamycin 50µl/ml; Geobacillus thermodentificans kanamycin 12μl/ml, 
chloramphenicol 7μl/ml; Bacillus subtilis kanamycin 12μl/ml, erythromycin 10µl/ml, chloramphenicol 10µl/ml.  
All antibiotics were prepared as a ×1000 stock solution in autoclaved distilled water and stored at  -20°C for 
use as required. 
 
2.1.5 Bacterial Growth Conditions 
 
Bacterial strains used are shown in table 4.  Cultures were incubated in an Innova 44 incubator shaker (New 
Brunswick Scientific, New Jersey, USA).  Unless otherwise specified, overnight cultures were inoculated from 
working culture agar plates and grown aerobically using 5 ml of media in a 30 ml universal tube then shaken 
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at 250 rpm for approximately 16 hours.  E. coli and Bacillus subtillis cultures were grown in LB broth at 37C 
unless otherwise specified.  Geobacillus thermodenitificans overnight cultures were grown at 55°C in TGP. 
 
Bacteria were cultured on agar plates anaerobically using a sealed anaerobic jar with an Anaerocult A sachet 
(Merck, New Jersey, US) which had been activated with water.  Anaerobic conditions were confirmed using 
an Anaerobic Test Strip (Oxoid, Basingstoke, UK). 
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Strain  Relevant genotype/ characteristics Reference/source 
E. coli     
    DH5α 
F, *80dlacZ*M15 *(lacZYA-argF)U169 deoR recA1 
endA1  Invitrogen 
  hsdR17(rK-.mK+) phoA supE44 *- thi-1 gyrA96 relA1.   
    JM109 endA1, recA1, gyrA96, thi, hsdR17 (rk., mk+), relA1, Promega 
  supE44, Δ(lac-proAB), *F′, traD36, proAB, laqIqZΔM15+   
    BW25113 lacIq rrnBT14 ∆lacZWJ16 hsdR514 ∆araBADAH33  
Datsenko and Wanner, 
2000 
  ∆rhaBADLD78; F- λ-    
    BW27783 As BW25113; ΔaraEp-532::FRT Khlebnikov et al., 2000 
    JW2294-1 As BW25113; Δpta Baba et al., 2006 
    JW0886-1 As BW25113; ΔpflB Baba et al., 2006 
    DL81 As BW27783; ΔldhA This study 
    DL82 As DL81; ΔfrdBC This study 
    DL83 As DL82; Δpta  This study 
    DL84 As DL83; ΔpflB  This study 
    DL85 As DL82; ΔpflB This study 
    DL88 As DL85; hybrid E. coli-E.facealis lpd This study 
    SE2378 W3110, ΔldhA Δ(focA-pflB)-Km, lpd101(E354K) Kim et al., 2007 
      
Geobacillus 
thermodenitrificans 
 
  
    K1041 
 
Narumi et al., 1992 
    DL80 As K1041; Δldh This study 
      
Bacillus subtilis 
 
  
    Strain 168 trpC2 Kunst et al., 1997 
    DL86 As 168; Δldh This study 
    DL87 As DL86; ΔalsS This study 
    DL89 As 168; C. acetobutylicum adhE2 in ldh loci This study 
      
Azohydromonas lata 
 
DSM 1123 
  
 
  
Pseudomonas syringae pv.   A gift from R. Desikan 
Tomato str.DC3000     
      
Enterococcus faecalis 
 
ATCC 51299 
  
 
  
Ralstonia eutropha   DSM 428 
 
Table 4: Strains used in this Study. 
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Plasmid Relevant genotype / characteristics Reference / source 
pUC18 E. coli cloning vector containing pMB1 origin of replication  Liao and Kanikula, 1990 
  and amp
R
, lacZ  in mcs   
pACYC184 E. coli cloning vector containing the p15A origin of replication,  Rose, 1988 
  contains cm
R
 and tet
R
    
pUCG18 Geobacillusspp. shuttle vector incorporating the MCS and ampR from  Taylor et al, 2008 
  from pUC18 and the replicon and kanR from pBST22   
pCE1 pUCG18 :: ldhpromNCA1503, adhB  from T. ethanolicus 39E  Leak, unpublshed 
pAML1 pUCG18 :: ldhpromNCA1503, adhE  from G. thermoglucosidasis SB2  Leak, unpublshed 
pGR001 pUCG18 :: pheB from G. stearothermophilus DSMZ 6285 Bartosiak-Jentys, 2010 
pGR002 pGR001 :: ldhpromNCA1503 Bartosiak-Jentys, 2010 
pTMO111 Geobacillus spp. shuttle vector, contains pUB110 rep and kan
R
,  Cripps et al., 2009 
  and amp
R
, pMB1 origin of replication and mcs from pUC19   
pNCGT1 pTMO111 :: ldh from G. thermodenitrificans K1041 This study 
pNCGT2 pTMO111 :: truncated ldh K1041 as knock-out cassette This study 
pNCGT3 pGR001 :: PDH prom K1041 This study 
pNCGT4 pGR001 :: GNTG_2591prom K1041 This study 
pNCGT5 pGR001 :: P43prom B. subtillis 168 This study 
pEry8 pUC18 :: ery
R
 Leak, unpublshed 
pNCBS1 pEry8 :: ldh from B. subtillis 168 This study 
pNCBS2 pEry8 :: alsS from B. subtillis 168 This study 
pNCBS3 pEry8 :: truncated ldh from B. subtillis 168 as knock-out cassette This study 
pNCBS4 pEry8 :: truncated alsS from B. subtillis 168 as knock-out cassette This study 
pNCBS5 pUC18 :: P43 promoter, PDH operon from B. subtilis 168 This study 
pNCBS6 pNCBS3 :: adhE2from C. acetobutylicum This study 
pNCBS7 pNCBS6 :: kan
R
 This study 
pNCBS8 pEry8 :: adh from B. subtillis 168 This study 
pNCBS9 pNCBS8 :: thiL from C. acetobutylicum This study 
pNCBS10 pNCBS9 :: cm
R
 This study 
pGlt-kan pUC18 :: kan
R
 Middleton et al., 2004 
pGlt-cm pUC18 :: cm
R
 Middleton et al., 2004 
pTHIO pUC18 :: thiL from C. acetobutylicum Leak, unpublshed 
pTOPO but pTOPO containing thiL, hbd, crt, bcd-etfB-etfA from C.acetobutylicum Leak, unpublshed 
pBADmyc-
His pBR322-derived expression vector containing the araBAD  Invitrogen 
  promoter and araC.  Contains a C-terminal myc epitope tag    
  and polyhistidine region. Amp
R
.   
pNCEC2 pUC18 :: ldh promoter E. coli BW27783, PDH operon from E. faecalis This study 
pNCEC3 pUC18 :: lpd hybrid DNA flanked by E. coli homologous regions, kan
R
 This study 
pNCEC4 pBADmyc-His :: crt, bcd-etfB-etfA from C.acetobutylicum This study 
pNCEC5 pBADmyc-His :: crt from C.acetobutylicum, cfa8 P. syringae This study 
pNCEC6 pBADmyc-His :: adhE2 C.acetobutylicum, phaAB Azohydomonas lata This study 
pNCEC8 pBADmyc-His :: adhE2 C.acetobutylicum, phaAB Ralstonia eutropha  This study 
pNCEC9 pNCEC9, cmR and p15A origin of replication from pACYC184 This study 
pNCEC10 pNCEC9, cmR and p15A origin of replication from pACYC185 This study 
pCP20 Temperature sensitive replicon, ampR, FLP enzyme Cherepanov et al, 1995 
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pKD46 Red recombinase system, ParaB promoter, 
Datsenko and Wanner, 
2000 
  temperature sensitive replicon, amp
R
   
pKD4 oriRγ replicon, FRT flanked kanamycin resistance cassette 
Datsenko and Wanner, 
2000 
pE3-Hybrid pUC18 :: lpd hybrid DNA Genscript 
 
Table 5: Plasmids used in this study 
 
2.1.6 Centrifugation of bacterial cultures 
Small scale centrifugations (volumes up to 1.5 ml) were carried out in a bench top MSE Micro Centaur 
centrifuge (MSE scientific instruments, UK) at room temperature or in a cold room at 4°C and 10,000 x g. 
Larger scale centrifugations (2 to 50 ml) were performed in an Eppendorf 5810-R centrifuge fitted with a A-4-
62 rotor (Eppendorf UK Limited, Histon, UK) at 4°C - 25°C and 9000 x g. 
 
2.1.7 Optical density analysis 
Optical density was routinely measured on a Jasco V-530 UV/Vis spectrophotometer and the data analysed in 
the spectral manager programme. Optical density at 600nm (OD600) was used as an indication of culture 
biomass. Samples were appropriately diluted to obtain an absorbance reading between 0 and 0.7. All OD600 
readings were blanked against fresh media to obtain an accurate representation of absorbance due to cell 
content. 
 
2.2 Media used in this study 
2.2.1 E. coli and Bacillus subtilis Culture Media.   
 
Luria-Bertani (LB) Broth: 
Bacto-tryptone 10 g/L, yeast extract 5 g/L, NaCl 10 g/L.  For anaerobic plate cultures glucose was filter-
sterilised and added to the agar after autoclaving to a final concentration of 1% w/v. 
 
SOB Medium: 
Bacto-tryptone 20 g/L, yeast extract 5 g/L, 10 mM NaCl, 2.5 mM KCl, 10 mM MgCl2, 10 mM MgSO4. 
 
SOC Medium: 
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Bacto-tryptone 20 g/L, yeast extract 5 g/L, 10 mM NaCl, 2.5 mM KCl, 10 mM MgCl2, 10 mM MgSO4, 20 mM 
glucose. Glucose was filter sterilised and added to the solution after autoclaving.  
 
2TY Medium: 
Bacto-tryptone 16 g/L, yeast extract 10 g/L, NaCl 5 g/L.   
 
Penassay Broth (BAB): 
Bacto-tryptone 10g/L, yeast extract 1.5 g/L, NaCl 3.5 g/L. Lab lemco (beef extract) 1.5 g/L, glucose 1 g/L, 
K2HPO4 1.32 g/L, KH2PO4 3.68 g/L. 
 
Terrific Broth (TB): 
Bacto-tryptone 12 g/L, yeast extract 24 g/L, K2HPO4 12.54 g/L, KH2PO4 2.31 g/L, 4 ml/L glycerol. 
 
M9 Salts Medium: 
0.1% w/v Bacto-tryptone, 1% w/v glucose, 2  mM MgSO4, 0.1 mM CaCl2, 200 ml/L M9 Salts.  The final M9 
Salts media solution was sterilised by filtration. 
 
M9 Salts: Na2HPO4 32 g/L, KH2PO4 15 g/L, NaCl 2.5 g/L, NH4Cl 5 g/L. 
 
For solid media 16g/L of agar was added prior to autoclaving. 
 
Spiziens Minimal Media (Nakano et al., 1997): 
1× Spiziens salts, 1% w/v glucose, 1% w/v tryptophan,  CaCl2 5.5 mg/L, FeCl2.6H2O 13.5 mg/L, MnCl2.4H2O 1.0 
mg/L, ZnCl2 1.7 mg/L, CuCl2.2H2O 0.43 mg/L, CoCl2.6H2O 0.6 mg/L, Na2MoO4.2H2O 0.6 mg/L, Na2SeO4 0.47 
mg/L. 
 
2.2.2 Geobacillus thermodenitificans  Media 
 
TGP growth medium: 
Part A (made up to 80% final volume): Bacto-tryptone 17 g/L, soy peptone 3 g/L, NaCl 5 g/L, K2HPO4 2.5 g/L.  
Part B (made up to 20% final volume): Sodium pyruvate 4 g/L, glycerol 4 ml/L. Part B was filter sterilised and 
added to Part A. For solid media 16 g/L of bacto-agar was added to Part A. 
 
Ammonium Sulphate Medium (ASM): 
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8 mM Citric acid, 5 mM MgSO4, 20 mM NaH2PO4, 10mM K2SO4, 25 mM (NH4)2SO4, 80 µM CaCl2, 1.65 µM 
Na2MoO4, 0.1% w/v tryptone, 0.1 w/v yeast extract, trace element solution 5 ml/L. Corrected to pH 7 with 
3M NaOH prior to sterilisation.  After autoclaving filter-sterilised 1% w/v glucose and 1×Triple-buffer solution 
were added.   
 
Trace element solution: ZnSO4.7H2O 1.44 g/l, CoSO4.6H2O 0.56 g/l, CuSO4.5H2O 0.25 g/l, FeSO4.6H2O 5.56 g/l, 
NiSO4.6H2O 0.89 g/l, MnSO4, 1.69 g/l, H3BO3, 0.08 g/l, 12 M H2SO4 5.0 ml/l.     
 
1× Triple-buffer solution:  40 mM BIS-TRIS, 40 mM HEPES, 20 mM PIPES. 
 
2.3 Molecular Biology Methods 
2.3.1 Agarose gel electrophoresis 
Agarose gels (0.8% w/v) were used to separate DNA restriction fragments and PCR products.  Appropriate 
amounts of agarose were weighed and dissolved in 1×TAE (made fresh from a 50 stock. 50× TAE buffer 
composed of 242 g/L Tris Base, 57.1 ml/L Glacial Acetic Acid, 100 ml/L 0.5 M EDTA pH 8) by microwaving (850 
watts) until all the agarose had dissolved.  The solution was left to cool, and mixed with either ethidium 
bromide to a final concentration of 0.1 mg/ml, or SYBR safe at 5 μl per 100 ml gel.  The gel was poured into a 
mould and allowed to solidify for 30 minutes.  DNA samples were mixed with 5× gel loading buffer (30% v/v 
glycerol, 0.25% w/v bromophenol blue) and loaded onto the gel alongside 5μl of molecular weight marker 
(typically GeneRuler™ 1kb DNA Ladder, Fermentas, York, UK or Bioline Hyperladder I, Bioline, London, UK)  
(Figure 7). Gels were routinely run in BioRad Gel Electrophoresis tanks at 120 Volts with power supplied from 
a BioRad powerpack (BioRad, Hemel Hempstead, UK). DNA fragments were visualised on a short wave UV 
transilluminator and photographed in a Syngene G:BOX Chemi gel documentation system running GeneSnap 
acquisition and GeneTools analysis software. Images were printed on a Mitsubishi P93D thermal printer 
(Syngene, Cambridge, UK). 
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Figure 7:  DNA molecular size markers.  
*A+ 5µl of GeneRuler™ 1kb DNA Ladder run on a 1% agarose gel.  *B+ 5µl of Bioline Hyperladder I run on a 1% agarose 
gel. Bands are annotated with the equivalent molecular size (bp) of the DNA and its relative quantity (ng) in 5µl of 
ladder. 
 
 
2.3.2 DNA fragment and purification 
DNA run in agarose gels was isolated and purified using a Qiagen gel extraction kit (Qiagen, Crawley, UK) or 
Zymo Gel Extration kit (Cambridge BioScience, Cambridge, UK).  The band of interest was excised from the 
agarose gel and purified as specified in the manufacturers’ protocol. 
 
2.3.3 DNA Quantification 
DNA was quantified by measuring the absorbance of the samples at 260/280 nm.  3μl of DNA was added to 
57μl of distilled water (dH2O) and 50 µl of this mixture loaded onto a Greiner Bio-One 384 UV/Vis multiwell 
plate (Scientific Laboratory Supplies, Nottingham, UK). The absorbance was then read at 260nm and 280nm 
on a Synergy HT multi-detection microplate reader (Bio-Tek, Potton, UK). The concentration of DNA was 
determined from the absorbance at 260nm and protein contamination was determined by the ratio of the 
absorbance values 260/280nm. 
 
2.3.4 DNA sequencing 
Sequencing was carried out by Eurofins-MWG (Ebersberg, Germany) using Prepaid Barcodes for Value Read 
in Tubes.   All plasmids constructed were submitted for sequencing using the relevant primer prior to being 
used for experimental work.  
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2.3.5 Isolation of Genomic DNA  
Genomic DNA was extracted from bacterial cells using the Wizard® SV Genomic DNA Purification System 
(Promega, Madison, US) following the manufacturer’s protocol. 
 
2.3.6 Polymerase Chain Reaction (PCR) 
All Oligonucleotide primers used in this study are listed in Appendix 1.  Oligonucleotide primers were 
purchased from Invitrogen, Paisley, UK. PCR reactions, with a final volume of 50 µl, were run in sterile 0.2 ml 
PCR tubes (Thermo Scientific, Loughborough, UK) in an Eppendorf mastercycle gradient thermal cycler 
(Eppendorf UK Limited, Histon, UK). 
 
For routine diagnostic PCR a 2x Biomix Red solution (Bioline, UK) containing dNTPs, Taq polymerase and 
MgCl2 was used to which 10-50 pmol of each primer and 1-50ng of template DNA was added in a final 
reaction volume of 50µl. The reaction was usually carried out with an initial denaturation for 2 minutes at 
94°C followed by 35 cycles of denaturation at 94°C for 30 seconds, annealing at a temperature 5°C below the 
melting temperature (Tm) of the primers for 30 seconds and elongation at 72°C, which for Taq red 
polymerase was 1 minute per Kb. A final extension at 72°C for 5 min completed the reaction.  For colony PCR 
template DNA was substituted for a single bacterial colony which was picked with a pipette tip and placed 
into the PCR reaction mixture. The initial denaturation step was carried out at 96°C for 10 minutes.  
 
If the PCR product was to be cloned or sequenced, high fidelity PCR was carried out using the Expand Hi-
fidelity system (Roche-diagnostics, Burgess Hill, UK) or Phusion® High-Fidelity DNA Polymerase (New England 
Biolabs, Hitchin, UK) following instructions in the handbook.  PCR products were purified using a Qiagen PCR 
purification kit (Qiagen, Crawley, UK) or Zymo DNA Clean & Concentrator kit (Cambridge BioScience, 
Cambridge, UK) according to the manufacturers’ guidelines. 
 
2.3.7 Digestion of plasmids and PCR products 
Restriction enzymes were obtained from Fermentas (York, UK) or Promega (Southampton, UK). Digests were 
performed for 3 hours at the recommended temperature, usually 37°C, using the supplied buffers and bovine 
serum albumin (BSA) when required.  Restricted products were purified on gel or using spin columns. 
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2.3.8 DNA Ligation 
DNA fragments were ligated using T4 DNA Ligase (Promega, Southampton, UK). The molar ratio of plasmid to 
insert was typically 3:1 for cohesive end ligation. 1 µl of 10x buffer 1µl of T4 ligase were added to the 
plasmid/insert mix and the final volume made up to 10µl with water. The ligation mixture was incubated at 
room temperature (~22°C) for 1 hour before being transformed into chemically competent E. coli cells. 
 
2.3.9 Cloning by Gibson 
Up to four PCR products were inserted into a digested vector following the one-step isothermal DNA 
assembly protocol as described by Gibson et al. (2009).  Briefly, 5× isothermal reaction buffer was prepared 
by combining 3ml 1M Tris-HCl (pH 7.5), 150µl 2M MgCl2, 60µl 100mM dGTP, 60µl 100mM dATP, 60µl 100mM 
dTTP, 60µl 100mM dCTP, 300µl 1M DTT, 1.5g PEG-8000, and 300µl 100 mM NAD.  An assembly master 
mixture was prepared by combining 320µl 5× isothermal reaction buffer, 0.64µl 10U µl-1 T5 exonuclease 
(Epicentre Biotechnologies, Madison, US), 20µl of 2U µl-1 Phusion DNA polymerase (New England Biolabs, 
Hitchin, UK), 160 µl of 40U µl-1 Taq DNA ligase (New England Biolabs, Hitchin, UK), and dH2O up to a final 
volume of 1.2 ml.  15µl master mix  aliquots were stored at -20 °C until use.  5µl total DNA was added to 15µl 
thawed master mix aliquot in equimolar concentrations, the plasmid DNA being 100ng (Gibson et al., 2009). 
 
2.3.10 Total RNA Extraction 
The Qiagen RNeasy protect bacteria mini kit coupled with the Qiagen RNase-free DNase kit was used for RNA 
extraction from bacterial cells.  For each RNA isolation 108 cells were used, as recommended by the 
manufacturer’s guidelines.  RNAse-free tips, Eppendorfs and water were used throughout. 
 
The protocol provided by the manufacturer for total RNA extraction using lysozyme for cell lysis and 
Proteinase K for inactivation of nucleases was followed (3 mg/mL lysozyme in TE buffer was used for cell 
disruption).   
 
DNA was removed from RNA extractions using RNase-free DNaseI (Fermentas, York, UK) following the 
manufacturer’s protocol.  
 
2.3.11 RT-PCR 
Samples of purified RNA were quantified using an Experion RNA HighSens Analysis Kit on an Experion 
Bioanalyzer running Experion Software System Operation and Data Analysis Tools, Version 2.1 (Bio-Rad, 
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Hemel Hempstead, UK).  cDNA was prepared from total RNA using the High Capacity cDNA Reverse 
Transcription Kit (Applied Biosystems, Warrington, UK) following the manufacturer’s protocols.  cDNA was 
subsequently used as a template in a standard PCR reaction. 
 
2.3.12 Quantitative RT-PCR    
qRT-PCR was carried out using the SYBR® Green JumpStart™ Taq ReadyMix™ kit (Sigma-Aldrich, Dorset, UK) in 
a Chromo4™ Real-Time Detector / Thermal cycler running Opticon Monitor 3 software (Bio-Rad, Hemel 
Hempstead, UK).  
 
qRT-PCR primers were designed using Primer3Plus (http://www.bioinformatics.nl/cgi-
bin/primer3plus/primer3plus.cgi) using the default qDNA settings.  To calculate primer efficiencies four 10-
fold serial dilutions of genomic DNA were used as a template in qPCR.  Every dilution and primer set was 
tested in triplicate; and a blank reaction for each primer set containing dH2O in place of genomic DNA was 
performed to ensure against contamination.  For each primer set a standard curve exhibiting Ct values 
plotted against the log of the starting quantity of template was constructed and the slope of the line of 
regression used to calculate the efficiencies of the primers.   
 
The ΔΔCt method adopted quantifies the fold-changes in RNA expression.  Briefly, the Ct values of both the 
samples and a calibrator were normalised to an endogenous housekeeping gene, thus giving their ΔCt values.  
The following equation was subsequently used: 
ΔΔCt =  ΔCt, Sample – ΔCt, Reference 
 
2.3.12 Isolation of plasmid DNA  
Plasmids were isolated using the Qiagen miniprep kit, using the microcentrifuge method as specified in the 
manufacturers’ protocol. 
 
2.3.13 Preparation and transformation of chemically competent E. coli   
Chemically competent E. coli cells were made using the method described by Chung et al. (1987). E. coli 
strains were grown in 50ml LB broth to an OD600 = 0.4.  Cells were cooled on ice for 10 minutes and 
subsequently harvested by centrifugation at 10000xg for 10 min at 4°C.  Cells were resuspended in 5ml ice 
cold TSS solution (LB broth with 10% w/v polyethylene glycol 8000, 5% v/v DMSO, and 50 mM MgCl2, pH 6.5).  
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100μl aliquots of chemically competent cells were transferred to 1.5ml microcentrifuge tubes and stored at -
80°C. 
 
Chemically competent TSS E. coli cells were thawed on ice before the addition of 100 ng DNA.  Cells were 
incubated on ice for 30 minutes, placed at 42C for 30 seconds, then returned to ice for a further 2 minutes.  
1 ml of LB broth was added and the mixture incubated at 37C with shaking (250 rpm) for 1 hour.  
Transformations of ligation products were centrifuged at 6000 × g for 3 minutes, the pellet resuspended in 
50l LB broth and plated onto LB agar plates containing the appropriate antibiotic.  For transformations of 
plasmid preparations 30l and 100l of cells were plated onto LB agar plates containing the appropriate 
antibiotic.  Plates were incubated overnight at 37°C. 
 
2.3.14 Preparation and transformation of Electrocompetent E. coli with linear DNA for 
chromosomal integration 
E. coli strains harbouring pKD46 were grown at 30°C in 100 ml SOB broth supplemented with 0.2% L-
arabinose to an OD600 = 0.4.  Cells were cooled on ice for 10 minutes and subsequently harvested by 
centrifugation at 10000 x g for 10 min at 4°C. The pellet was washed three times in ice-cold sterile distilled 
water, followed by two washes in ice-cold sterile 10% v/v glycerol.  The pellet was resuspended in 100 l ice-
cold 10% v/v glycerol, divided into 50 l aliquots, and stored at -80C for future use. 
 
Electro-competent TSS E. coli cells were thawed on ice before the addition of 600ng linear DNA.  The mixture 
was placed into a 1ml gapped electroporation cuvette (Yorkshire Biosciences, York, UK) and incubated on ice 
for 5 minutes.  Subsequently, a single exponential pulse (25µF, 1800V and 200Ώ) was applied using the Xcell 
gene pulser (Bio-Rad, Hemel Hempstead, UK). Immediately after pulsing, 1ml of SOC broth was added to the 
cuvette and the contents transferred to a 50ml centrifuge tube. The cells were incubated at 37°C with 
shaking (250 rpm) for 3 hours and then plated LB agar plates containing the appropriate selective antibiotic. 
 
2.3.15 Preparation and transformation of Electrocompetent Geobacillus 
1 ml of overnight culture was used to inoculate 50 ml pre-warmed TGP in a 250 ml conical flask and 
incubated at 55°C until OD600 ≥ 2.  The flask was cooled on ice for 10 minutes, then the culture centrifuged for 
20 minutes.  The pellet was resuspended in 50 ml ice-cold electrobuffer (0.5 M sorbitol, 0.5 M mannitol, 10% 
v/v glycerol) and centrifuged for 20 minutes.  Three further washes were carried out in this way (1 × 25 ml, 2 
× 10 ml), then the pellet resuspended in 1.5 ml ice-cold electrobuffer, divided in 60 μl aliquots, and stored at 
-80°C for future use. 
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An aliquot of competent cells was thawed on ice.  2 μl of plasmid DNA was mixed with the competent cells 
and transferred into a 1ml gapped electroporation cuvette (Yorkshire Biosciences, York, UK) on ice.  The cells 
were electroporated at 2500 volts, at a resistance of 600Ω, and capacitance of 10μF using a Xcell gene pulser 
(BioRad, Hemel Hempstead, UK). Cells in the cuvette were immediately placed into 1ml of pre-warmed TGP 
and incubated at 52°C with shaking for one hour.  Cells were subsequently plated onto TGP agar plates 
containing an appropriate antibiotic. 
 
2.3.16 Preparation and transformation of naturally competent Bacillus subtilis 
An overnight culture was used to inoculate 5ml of pre-transformation medium to an initial OD600 = 0.25 and 
incubated at 37°C for 4 – 5 hours to an OD600 ≥ 2.  100 µl of culture was subsequently used to inoculate 1ml 
of Transformation medium and incubated at 37°C for 75 minutes.  Plasmid DNA was added to the culture and 
returned to 37°C for 1 hour.  The resulting transformations were plated onto LB agar plates containing the 
appropriate antibiotic and incubated at 37°C overnight.  For chromosomal integrations agar plates were 
incubated for up to 48 hours.  All liquid media used was pre-warmed to 37°C before use.  
 
Spizizen’s Salts (Anagnostopoulos and Spizizen, 1961): 0.2% w/v (NH4)2SO4, 1.4% w/v K2HPO4, 0.6% w/v 
KH2PO4, 0.1% w/v trisodium citrate dihydrate, 0.02% w/v MgSO4. 
 
Pre-transformation Medium:  
1× Spizizen’s Salts; 1.25% w/v Glucose; 0.02% w/v Bacto-tryptone; Tryptophan, 50mg/L; 2.5µM MgSO4; 
0.05µM CaCl2; 0.5nM MnSO4. 
 
Transformation Medium:  
1× Spizizens’s Salts; 0.75% w/v Glucose; 0.01% w/v Bacto-tryptone; Tryptophan, 5mg/L. 
 
2.3.17 P1 Phage Transduction 
To prepare the lysate, 100 µl of overnight donor culture was used to inoculate 10 ml of fresh LB broth 
supplemented with 5 mM CaCl2 and 0.2% glucose, and grown at 37°C for 1 hour.  100 µl of P1 Phage lysate 
was added to the culture and incubated at 37°C until the culture had lysed completely (1-3 hours).  Several 
drops of chloroform were added to the lysate and vortexed.  Cell debris was removed by centrifugation at 
13,000 × g for 2 minutes. 
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Cells were harvested from a 5 ml overnight recipient culture by centrifugation at 4000 × g for 5 minutes.  
Cells were resuspended in 5 ml of fresh LB broth supplemented with 100 mM MgSO4 and 5 mM CaCl2.   
 
Two reactions were set up – 
A: 100 µl undiluted lysate and 100 µl recipient cells;  
B: 100 µl 1:10 diluted lysate (diluted with LB broth supplemented with 100 mM MgSO4 and 5 mM CaCl2) and 
100 µl recipient cells.   
 
Both reactions were incubated at 37°C for 30 minutes.  200 µl of 1 M Na-Citrate (pH 5.5) followed by 1 ml LB 
broth was added, and incubated at 37°C for 1 hour.  Cells were harvested by centrifugation at 6000 × g for 3 
minutes, and resuspended in 100 µl LB supplemented with 100 mM of Na-Citrate (pH 5.5).  Cells were plated 
onto an LB agar plate containing the appropriate antibiotic. 
 
2.4 Protein Methods 
2.4.1 SDS-PAGE 
A 5 ml 12% v/v polyacrylamide consisted of 1.6 ml H2O, 2.0 ml Acrylamide mix (30% v/v acrylamide, 0.8% v/v 
bis-acrylamide), 1.3 ml Tris-Cl (1.5 M, pH 8.8), 50 µl 10% SDS, 50 µl 10% Ammonium persulphate, 2 µl TEMED; 
with the stacking gel consisting of 0.68 ml H2O, 0.17 ml Acrylamide mix, 0.13 ml Tris-Cl (1.0 M, pH 6.8), 10 µl 
10% SDS, 10 µl 10% Ammonium persulphate, 1 µl TEMED.   
 
Samples were boiled for 5 minutes in 5× Laemmli Buffer (60 mM Tris-Cl pH 6.8, 2% w/v SDS, 10% v/v Glycerol, 
5% v/v β-mercaptoethanol, 0.01% w/v Bromophenol blue) and loaded onto the gel along with a protein 
molecular weight marker (5 µl Unstained Protein molecular marker was used for Coomassie blue staining; 10 
µl PageRuler™ Prestained Protein Ladder was used for Western Blots,  Fermentas, York, UK).  Gels were run 
in a Mini-PROTEAN® Tetra Cell (BioRad, Hemel Hempstead, UK) at 150 V for one hour in 1× SDS-Running 
buffer (50× SDS-Running buffer: 30 g/L Tris-base, 144 g/L Glycine, 10 g/L SDS). 
 
Polyacrylamide gels were incubated in Coomassie Blue stain (0.2% w/v Coomassie Blue R-250, 40% v/v 
Ethanol, 10% v/v Glacial Acetic Acid) for one hour.  The gel was then transferred to Coomassie Blue destain 
solution (40% v/v Ethanol, 10% v/v Glacial Acetic Acid) for one hour or until bands were clearly visible.  The 
gel was imaged using a Syngene G:BOX Chemi gel documentation system running GeneSnap acquisition and 
GeneTools analysis software. Images were printed on a Mitsubishi P93D thermal printer (Syngene, 
Cambridge, UK). 
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Figure 8:  Protein molecular weight markers.  
[A] 5 µl Unstained Protein molecular marker on a 12% SDS-PAGE gel.  *B+ 10µl PageRuler™ Prestained Protein Ladder run 
on a 12% SDS-PAGE gel.  Bands are annotated with the equivalent molecular size (KDa) of protein. 
 
2.4.2 Western Blotting  
A polyacrylamide gel was blotted to a PDFV membrane (Millipore, Massachusetts, US) using a X Cell II™ Blot 
Module (Invitrogen, Paisley, UK).  The membrane was activated by inoculation with methanol before soaking 
the membrane in Transfer buffer (0.5× SDS-Running buffer, 20% Methanol).  Proteins were transferred onto 
the membrane for one hour at 200 mA.  The membrane was subsequently rinsed in TBS (2.42 g/l Tris-base, 8 
g/l NaCl, pH7.6), then blocked in 5% w/v non-fat milk in TBS for 15 minutes.  The membrane was washed 
twice in TBS-T (TBS, 0.1% Tween-20) followed by TBS.  The membrane was incubated with primary antibody 
diluted in 5% w/v non-fat milk in TBS for one hour, followed by two washes in TBS-T and a further wash in 
TBS.  The membrane was then incubated with a secondary antibody for one hour.  The membrane was 
subsequently washed three times in TBS-T then twice in TBS.  The moist membrane was incubated with 
Novex® AP Chemiluminescent Substrate (Invitrogen, Paisley, UK) for 5 minutes, and the blot imaged using a 
Syngene G:BOX Chemi gel documentation system running GeneSnap acquisition and GeneTools analysis 
software. Images were printed on a Mitsubishi P93D thermal printer (Syngene, Cambridge, UK). 
 
2.4.3 Cell disruption 
Bacterial cells were disrupted by passaging twice through a SLM Aminco French Pressure Cell Press (SLM 
Aminco Instruments Inc., Rochester, USA [latterly supplied by Thermo Scientific but recently discontinued]) 
at 10,000 psi.  Lysed cells were centrifuged at 15000 x g and 4°C for 30 minutes with the supernatant 
retained for enzyme assays and protein concentration determination. 
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2.4.4 Protein Concentration Assay 
Total protein concentration was determined by the Bio-Rad DC Protein Assay (BioRad, Hemel Hempstead, UK) 
following the microplate assay protocol. A calibration curve was constructed with lysozyme (Sigma-Aldrich, 
Dorset, UK) as the standard (using concentrations ranging from 2 to 0.25 mg/ml).  A new calibration curve 
was constructed on each occasion protein concentrations were quantified.  Standards and samples were 
assayed in triplicate. 
 
2.4.5 Catechol 2,3 dioxygenase enzyme assay 
The assay was performed as described by Bartosiak-Jentys (2008).  The activity of catechol 2,3 dioxygenase 
was recorded by spectrophotometric measurement of the accumulation of the catechol ring cleavage 
product, 2-hydroxymuconic semialdehyde (millimolar extinction coefficient (ε) = 33mM-1 cm-1) in a Jasco V-
530 spectrophotometer at λ=375nm.  Activities were determined in a 4ml disposable plastic cuvettes at 55°C, 
with the reaction mixture containing 2.9ml 50mM sodium phosphate buffer pH 7.2 and 100μl of 10mM 
catechol (in dH2O), pre-incubated for 8mins at 55°C. The reaction was initiated by adding 10μl cell extract. 
 
2.4.6 β-ketothiolase and acetoacetyl-CoA reductase enzyme assays 
These assays were performed as described by Kidwell et al. (1995).  Both activities were monitored at 25°C in 
a Jasco V-530 spectrophotometer.   
 
The activity of β-ketothiolase was monitored at 303 nm, ε = 12.9 mM-1 cm-1 (Huthet et al., 1974).  10 µl of 
crude extract was added to a mixture of 10 µl 7mM acetoacetyl-CoA, 100 µl 0.4M MgCl2, 750 µl 0.1mM Tris-
HCl (pH 8.1).  The reaction was initiated by the addition of 30 µl 3.4mM CoA.   
 
Acetoacetyl-CoA reductase activity was monitored at 340 nm by the oxidation of NADPH during the 
reduction of acetoacetyl-CoA, ε = 6.27 mM-1 cm-1 .  25 µl of crude extract was added to a mixture of 25 µl 10 
mM NADPH, 455 µl H2O, and 500 µl 120 mM potassium phosphate buffer (pH 5.5) containing 24 mM MgCl2 
and 1 mM dithiothreitol.  The reaction was initiated by the addition of 5 µl 7 mM acetoacetyl-CoA. 
 
2.4.7 Pyruvate Dehydrogenase enzyme  assay. 
PDH activity was monitored at 340 nm by the reduction of NAD+ during the conversion on pyruvate to acetyl-
CoA, ε = 6.22 mM-1 cm-1.  The reaction mixture used contained 2.5 mM NAD+, 0.2 mM thiamine 
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pyrophosphate, 0.1 mM coenzyme A, 0.3 mM DTT, 1 mM MgCl2, 1 mg/ml of BSA in 0.05 mM potassium 
phosphate buffer, pH 7.8. The equivalent amount of the above concentrations for 1ml  were added in 0.9 ml.  
The reaction was initiated by the addition of 5 mM sodium pyruvate. 
 
2.5 Analysing metabolites 
2.5.1 High Pressure Liquid Chromatography 
High performance liquid chromatography (HPLC) was used to analyse residual sugars, organic acids and 
ethanol from bacterial cultures. 1.5ml of bacterial culture was centrifuged at 10,000 x g for 5 minutes and the 
supernatant transferred to a glass HPLC vial sealed with septum and cap. 10µl of sample was injected into 
the system and allowed to pass through the column over a 25 minute run time. 1-100mM glucose, 10mM 
pyruvate, 100mM formate, 100mM lactate, 50mM acetate, and 10mM-50mM ethanol were routinely used 
as standards. 
 
The HPLC system (Jasco UK, Great Dunmow, UK) consisted of a PU2080 plus pump, AS-2051 plus intelligent 
sampler, a UV-2075 plus UV/Vis spectrophotometer (set at 210nm), a RI-2031 plus refractive index (RI) 
detector and a column thermostat jetstream plus oven (maintained at 35°C). An Aminex HPX87H ion 
exclusion column (300x7.8mm) was used to perform the separation (BioRad, Hemel Hempstead, UK). The 
mobile phase was 10mM sulphuric acid at a flow rate of 0.6ml/min. The detectors relayed data through an 
LCnetII ADC adaptor to the Chrompass data acquisition software that also allowed chromatogram 
visualisation and automatic peak area integration. 
 
2.5.2 Gas chromatography (GC) 
Gas chromatography–mass spectrometry (GC-MS) was used to analyse butanol from bacterial cultures. 1ml 
of bacterial culture was centrifuged at 10,000 x g for 5 minutes and the supernatant was  transferred to 2× 
1.5 eppendorfs each containing 500µl toluene and vortexed for 10 minutes, followed by  centrifugation at 
10,000 x g for 5 minutes.  The upper, organic layer was transferred  to a glass GC vial sealed with septum and 
cap,  and analysed on a SHIMADZU 2014 GC, using a BP-1 Boiling point coloumn.  The method was as 
follows: Isothermal at 40°C for 1 min, Ramp to 200°C with the rate of 10°C/min, Isothermal at 200°C for 5 
mins.  .  1 – 100 mg/L butanol was used as standards, all standards being made in the appropriate media and 
extracted with toluene. 
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2.5.3 Gas chromatography–mass spectrometry (GC-MS) 
Gas chromatography–mass spectrometry (GC-MS) was used to analyse butanol from bacterial cultures. 1ml 
of bacterial culture was centrifuged at 10,000 x g for 5 minutes and the supernatant was  transferred to 2× 
1.5 eppendorfs each containing 500µl toluene and vortexed for 10 minutes, followed by  centrifugation at 
10,000 x g for 5 minutes.  The upper, organic layer was transferred  to a glass GC vial sealed with septum and 
cap,  and analysed on a Trace GC Ultra (Thermo Scientific) using an HP-5MS column (0.25 mm × 30 m, 0.25 
μM film thickness,  J & W Scientific), and DSQII single-quadrupole mass spectrometer (Thermo Scientific) 
using single-ion monitoring  at m/z 56.  The oven program was as follows: 75 °C for 3 min, ramp to 300 °C at 
45 °C min−1, 300 °C for 1 min.  1 – 100 mg/L butanol was used as standards, all standards being made in the 
appropriate media and extracted with toluene. 
 
2.5.4 Ethanol quantification assay 
Ethanol assays were carried out using a Megazyme ethanol assay kit (Megaenzyme Ltd., Wicklow, Ireland), 
following the manufacturer’s protocol. 
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3 Creating an Ethanogenic strain of Geobacillus thermodenitrificans 
3.1 Introduction 
3.1.1 Geobacillus spp. 
Previously, the currently recognised genus Geobacillus was classified under the genus Bacillus – which 
contained a large and diverse collection of aerobic and facultatively anaerobic, rod-shaped, Gram positive 
endospore forming bacteria.  However, comparative analysis of 16S rRNA sequences and fatty acid 
composition led to the thermophilic Bacillus spp being reclassified into  the  separate genus– Geobacillus; 
with G. stearothermophilus being the type species (Nazina et al., 2001).  They display a wide range of 
physiologies including: being able to use nitrate as a terminal electron acceptor (G. thermodenitrificans, G. 
thermoleovorans, G. caldoxylosilyticus), strictly aerobic (G. kaustophilus, G. caldoproteolyticus, G. debilis), 
faculatively anaerobic (G. thermoglucosidasius, G. tepidamans). Furthermore, most species can utilise a wide 
range of carbon substrates such as starch, glucose, xylose, fructose, maltose, mannose, casein, phenols, 
cresols, catechols, acetate, succinate glycerol and paraffin. Moreover, G. debilis, G. tepidamans and G. 
thermoleovorans display β-galactosidase activity (Nazina et al., 2001; Dinsdale et al., 2010 ).   
 
 
3.1.2 Geobacillus thermodenitrificans 
Geobacillus thermodenitrificans are thermophilic, facultative soil bacteria with the distinctive property of 
denitrification.  Under anaerobic conditions G. thermodenitrificans uses nitrate rather than oxygen as an 
alternative electron acceptor, producing nitrogen gas.  Growth typically occurs between 50-65°C, although 
the type strain for the species, DSM465 has a growth range of 45-70°C, at  pH 6-8.  It is able to utilise glucose, 
glycerol, fructose, maltose, trehalose, mannose, lactose, cellobiose, galactose, xylose, ribose, arabinose, 
starch, tributyrin, pullulan and xylans (Manachini et al., 2000; Feng et al., 2007).   
 
Feng et al. (2007) sequenced the genome of G. thermodenitrificans NG80-2 and established that this strain 
was incapable of expressing a competent fermentation pathway, which is probably also true of other strains 
of G. thermodenitrificans (but would need to be established on a case by case basis). This is evident from the 
fact that the organism lacks genes encoding pyruvate-formate lyase (Pfl).  Genes coding for lactate and 
acetate synthesis (ldh, pta, ackA) are present, however, in the absence of pfl these may simply function as a 
pyruvate ‘overflow’ mechanism when flux through glycolysis and the TCA cycle become imbalanced, rather 
than forming a competent fermentation pathways. This suggests that G. thermodenitrificans should only 
grow under anaerobic conditions in the presence of nitrate as an alternative electron acceptor.  
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Consequently, the PDH pathway should always be active in G. thermodentrificans regardless of whether the 
bacteria are in aerobic or anaerobic conditions, potentially making it an ideal candidate to produce 
bioethanol via the PDH pathway. 
 
In the context of creating an ethanologenic strain of G. thermodenitrificans, G. thermodenitrificans HRO10 
produces an α-amlyase which is a raw-starch hydrolysing enzyme which does not require extraneous Ca+2 for 
activity and is resistant to inhibition by phytate, making this enzyme potentially important in commercial 
processes.  G. thermodenitrificans HRO10 produces this enzyme to a maximum yield of 30.20 U/ml under 
optimised conditions (Ezeji and Bahl, 2007). 
 
3.1.3 Geobacillus thermodenitrificans K1041 
G. thermodenitrificans K1041 was isolated from soil by Narumi et al. (1992) but originally classified as Bacillus 
stearothermophilus.  This strain was reported to be transformable, and was capable of growth from 37-68°C 
(Narumi et al., 1992).  Based on its 16S rDNA sequence and physiological data K1041 was later re-classified as 
Bacillus thermodenitrificans , and then later re-classifed again as Geobacillus thermodenitrificans (Studholme 
et al., 1999).   
 
G. thermodenitrificans K1041 has been used as a host for the expression of foreign proteins.  Substantial 
research in characterising cytochrome c-551 from the thermophilic Bacillus PS3 has used K1041 as an 
expression strain (Kabashima et al., 2010).  A synthetic promoter has been used to express E . coli aspartate 
transcarbamylase in K1041 (Narumi et al., 1992).   
 
3.2 Characterisation of metabolites produced by G. thermodenitrificans K1041 
HPLC analysis was used to detect any fermentation products naturally produced by the strain.  In a 
chemostat culture K1041 was unable to grow in the absence of nitrate under anaerobic conditions (data not 
shown) which illustrates that K1041 is unable to utilise fermentation pathways in anaerobic growth for 
production of ATP and regeneration of NAD+ to maintain growth of the culture.  
 
Single colonies of K1041 were inoculated into ASM media (a minimal media containing 1% glucose) and 
grown aerobically overnight at 55°C then  subsequently used to inoculate Hungate Tubes filled with 12ml 
pre-warmed ASM media supplemented with 100mM KNO3.  Hungate tubes have a total capacity of 15 ml.  
Cultures were not sparged with nitrogen to remove oxygen from the headspace, but instead sealed leaving 
this residual air to provide a limited oxygen supply to encourage initial growth.  This oxygen would be 
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consumed by the culture leading to anaerobic conditions. These initial conditions shall be defined as 
microaerobic hereafter.  Microaerobic cultures were incubated at 55°C at 250rpm for approximately 24 
hours.  Hungate tubes were incubated horizontally, as to achieve sufficient mixing of the cultures and to 
provide the largest possible surface area for contact of the bacteria to the residual air, as to achieve 
anaerobic conditions in the shortest possible time.  Culture supernatants were analysed by HPLC (see section 
2.5.1). 
 
 In agreement with evidence from the G. thermodenitrificans NG80-2 genome sequence, lactate and acetate 
were detected in microaerobic cultures of K1041 (figure 9a).  Formate, which has a retention time of 14 
minutes, was not detected by HPLC analysis (figure 9a), which was as expected due to the lack of the pfl gene 
in the G. thermodenitrificans genome sequence (Feng et al., 2007).  It was pivotal to this work that formate is 
not synthesised by K1041 in order to fully utilise PDH under anaerobic conditions.  Additionally, no ethanol 
was detected in the supernatant (figure 9b). 
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Figure 9:  HPLC chromatograms analysing the supernatant of microaerobic cultures of K1041 grown in ASM + 
100mM KNO3  
[A] Trace from UV HPLC detector: peaks representing lactate (12.5 min), acetate (15.5 min) and pyruvate (9.8 min) are 
highlighted; no formate peak (14 min) is present.  [B] Trace from RI detector: peak representing remaining glucose (9 
min) is highlighted; no ethanol peak (21 min) is present. 
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3.3 Production of ethanol 
3.3.1 Alcohol dehydrogenase in G. thermodenitrificans 
The genome sequence of G. thermodenitrificans NG80-2 revealed five putative Adh sequences (Feng et al., 
2007).  Two of these Adhs, the ADH1 and ADH2, were expressed and characterised in E. coli. ADH1 and ADH2 
were reported to be involved in long-chain alkane dissimilation as both Adhs can oxidise a broad range of 
alkyl alcohols of up to C30 as well as 1,3-propanediol and acetaldehyde (Liu et al., 2009).  These findings 
indicate that these Adhs are primarily catabolic, rather than being used for fermentation. 
 
In microorganisms that produce ethanol as part of a mixed acid fermentation pathway, such as E. coli, acetyl-
CoA is the immediate precursor. Although it is metabolised via acetaldehyde as an intermediate, this is 
usually converted by an enzyme with both aldehyde dehydrogenase (Aldh) and alcohol dehydrogenase (Adh) 
activity. This means that acetaldehyde probably does not build up to any significant extent in the cells.  
Therefore, such an enzyme was needed for expression in K1041 to create a competent ethanol-producing 
fermentation pathway. 
 
3.3.2 Expressing a heterologous alcohol dehydrogenase in K1041 
In G. thermoglucosidasius DL33 a recombinant pyruvate decarboxylase from Z. palmae could be expressed 
from pUCG18 when the pdc gene was placed under the control of the lactate dehydrogenase (ldh) promoter 
from G. stearothermophilus NCA1503 (Taylor, 2007).  Consequently this promoter and plasmid was selected 
to express an alcohol dehydrogenase in K1041.  
 
pUCG18 is a shuttle vector for Geobacillus spp. encoding  the origin of replication and mutated TK101 gene  
encoding a thermostable kanamycin nucleotidyltransferase from pBST22, together with the ampicillin 
resistance cassette, multiple cloning site (mcs) and origin of replication from pUC18 (Liao and Kanikula, 1990; 
Taylor 2008).  An ldh promoter was selected as lactate is a major fermentation product of wild-type 
Geobacillus spp., therefore the ldh promoter was likely to be strongly induced under low aeration growth 
conditions.  The activity of the G. stearothermophilus NCA1503 ldh promoter has been assessed in G. 
thermoglucosidasius DL44 and shown to be  most active under conditions of oxygen-limitation and   minimal 
under strictly aerobic conditions (Bartosiak-Jentys, 2010), however the activity of this promoter has not been 
assessed in G. thermodenitrificans. 
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3.3.3 Activity of the ldh promoter from G. stearothermophilus NCA1503 in K1041 
To ensure the NCA1503 ldh promoter is active in K1041, the reporter constuct pGR002 was transformed into 
electrocompetent K1041.  This construct comprises of pheB of G. stearothermophilus DSMZ 6285 under the 
control of the ldh promoter from G. stearothermophilus NCA1503 in pUCG18.  pheB encodes the enzyme 
catechol 2,3 dioxygenase (C23O), which cleaves catechol to 2-hydroxymuconic semialdehyde, which has a 
vivid yellow colour (Bartosiak-Jentys, 2008). 
 
To initially screen the promoter’s efficacy in G. themodenitficans K1041 pGR002 was transformed into 
electrocompetent K1041 and transformants selected on TGP agar plates containing kanamycin. Subsequently, 
100mM catechol was dropped onto individual colonies.  After approximately one minute, K1041[pGR002] 
colonies exhibited a vivid, yellow appearance.  Intracellular protein was extracted from K1041[pGR002]  
bacterial colonies by resuspending the bacteria in 50mM sodium phosphate buffer (pH 7.2) and lysing the 
cells by passage through a French Press (see section 2.4.3).  The resulting cell extract was inoculated with 
100mM catechol and incubated at 55°C for one minute.  As with inoculation of K1041[pGR002] colonies the 
cell extract exhibited a vivid yellow colour (figure 10B).  As means of a negative control, pGR001, which 
contains pheB but no promoter was also used to transform K1041 and subjected to the same conditions as 
with K1041[pGR002].  K1041[pGR001] did not turn yellow in appearance (figure 10A) confirming that the 
appearance of yellow colour found in K1041[pGR002] can be attributed to the activity of the ldh promoter. 
 
 
                                                            A                                     B 
 
Figure 10: Expression of catechol 2,3 dioxygenase in cell extract taken from overnight agar cultures incubated with 
100 mM catechol. 
[A] K1041[pGR001].  [B] K1041[pGR002]. 
 
3.3.4 AdhB from Thermoanaerobacter ethanolicus 39E 
adhB from Thermoanaerobacter ethanolicus 39E encodes a secondary (2°) Adh able to catalyse both 
conversion of acetyl-CoA to acetaldehyde, and acetaldehyde to ethanol.  It is highly thermostable and 
solvent-stable, and it is active on a broad range of substrates (Burdette et al., 1996).  AdhB is a 
homotetramer of approximately 40 KDa subunits.  This characteristic is common to Adhs, but not to Aldh’s or 
bi-functional Aldh/Adh enzymes.  Thus upon first inspection AdhB appears to be an Adh rather than a 
modified Aldh or fusion-type protein (Burdette and Zeikus, 1994).   
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Burdette and Zeikus (1994) reported that AdhB possesses acetyl-CoA reductive thioesterase activity 
analogous to that of an Aldh.  This enzyme is a NADPH-linked Adh responsible for catalysing the formation of 
ethanol from acetyl-CoA in two steps (Burdette and Zeikus, 1994): 
 
Acetyl-CoA + NADPH → Acetaldehyde + NADP+ + CoASH 
Acetaldehyde + NADPH → Ethanol + NADP+ 
Acetyl-CoA + 2NADPH → Ethanol + 2NADP+ + CoASH 
 
As part of a different project pCE1, based on pUCG18 containing the adhB from T. ethanolicus 39E under the 
control of the ldh promoter from G. stearothermophilus NCA1503 had already been constructed (Esteban, 
unpublished).  This plasmid was transformed into electrocompetent K1041 cells, and positive transformants 
selected on TGP agar plates containing kanamycin. 
 
3.3.5 G. thermodenitrificans K1041[pCE1]  
To identify whether G. thermodenitrificans K1041[pCE1] was capable of producing ethanol, single colonies of 
K1041[pCE1] were inoculated into ASM containing kanamycin for retention of pCE1 and grown aerobically 
overnight at 55°C.  This preculture was subsequently used to inoculate Hungate Tubes filled with 12ml pre-
warmed ASM media supplemented with 0, 10, 20, or 50mM KNO3 and grown under microaerobic conditions 
for 16 hours at 250rpm.  A range of low concentrations of KNO3 was used to supplement ASM in order to 
achieve nitrate-limitation in actively metabolising cultures and, thereby, ‘force’ them to utilise Adh as a 
fermentation pathway to re-oxidise NAD(P)H.   
 
However, no ethanol was detected by HPLC of the culture supernatant after 16 hours growth under 
microaerobic conditions.  In response to this finding, to confirm that protein was being expressed from pCE1 
soluble cell extracts from microaerobic cultures of K1041[pCE1] were analysed by SDS-PAGE.  Soluble cell 
extracts derived from microaerobic cultures of K1041 and K1041[pGR002] were used as negative and positive 
controls respectively (figure 10), as both PheB and AdhB have the same molecular mass of 38KDa. The band 
highlighted in figure indicates that AdhB was being expressed in from pCE1. 
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Figure 11: SDS-PAGE of soluble cell extracts from cultures of K1041 grown under microaerophillic conditions 
Lane 2 contains protein from K1041 (negative control); lane 3 from K1041[pCE1]; lane 4 from K1041[pGR002].  The black 
arrow highlights AdhB and PheB polypeptides  in lanes 3 and 4 respectively, at a molecular mass of 38KDa.  Lane 1 
contains protein molecular markers (Fermentas). 
 
3.3.6 Why did expression of AdhB yield no ethanol? 
No ethanol was detected by HPLC in microaerobic cultures of G. thermodenitrificans K1041[pCE1] despite the 
AdhB being expressed.  This probably reflects the differences between the cofactor requirement of AdhB and 
the need to re-oxidise NADH to maintain metabolism through glycolysis.  
 
NADH/NAD+ and NADPH/NADP+ are the most important redox carriers involved in metabolism.  Although 
NADH and NADPH are chemically very similar, these co-factors serve distinct biochemical functions.  The 
concentrations of the two are delicately balanced within the cell to maintain central carbon metabolism 
(Sauer et al., 2004).  NAD+ serves primarily as an electron acceptor in catabolism, and communicates 
reducing power to energy-conserving redox reactions which take place in anaerobic and aerobic respiration 
(de Graef et al., 1999).  In contrast, NADPH exclusively drives anabolism, acting as a reducing agent in 
anabolic reactions such as in nucleic acid synthesis (Sauer et al., 2004).   
 
Estimates of the total cellular NADH/NAD+ vary, however intracellular concentrations of NADPH/NADP+ are 
low in comparison to their dephosphorylated counterpart.  In some bacteria a pyridine nucleotide 
transhydrogenase is present in the membrane, which transports protons across the membrane in unison 
with an interchange between NAD and NADP which thereby couples the proton motive force to the 
concentration of reducing equivalents (Pollack et al., 2007).  The genome sequence of G. thermodenitrificans 
  
68 
 
NG80-2 does not contain a sequence homologous to known pyridine nucleotide transhydrogenase encoding 
genes (Feng et al., 2007).   
 
A low activity with NADH and lack of transhydrogenase probably limited the ability of AdhB to reduce acetyl-
CoA to acetaldehyde and then to ethanol.  Therefore two options were considered to overcome this 
potential problem.  Firstly a pyridine nucleotide transhydrogenase might be expressed in this bacterium 
which can interchange NADH and NADPH.  Secondly, and more practically, an alcohol dehydrogenase may be 
expressed in K1041 which is not dependant on NADPH. 
 
3.3.7 Bi-functional acetaldehyde/alcohol dehydrogenase from Geobacilius thermoglucosidasis 
DL33 
Ethanologens such as E. coli, Lactococcus lactis, and Clostridium acetobutylicum use a bi-functional enzyme 
(AdhE) with both aldehyde and alcohol dehydrogenase activity to catalyse the NADH dependent sequential 
conversion of acetyl-CoA to ethanol (Peng et al., 2008; Koo et al., 2005).   
 
This family of Adhs are 96 kDa proteins whose redox functions are iron-dependent consisting of an Adh fused 
to an Aldh in a single polypeptide (Kessler et al., 1991).  This is believed to have arisen from a gene fusion 
between an aldehyde dehydrogenase on the N-terminal and an alcohol dehydrogenase on the C-terminal 
part of the sequence (Espinosa et al., 2001).   
 
AdhE is not confined to mesophilic bacteria, a thermostable AdhE has been indentified in 
Thermoanaerobacter ethanolicus JW200 (Feng et al., 2008).  A putative adhE sequence which is 2.61Kb in 
size has also been identified from the genome sequence of G. thermoglucosidasius NCIMB 11955 (TMO 
Renewables, Unpublished data).  This sequence was used to clone adhE from G. thermoglucosidasius DL33 
and this gene was substituted for adhB in pCE1 (Lizzul, 2010)  This vector was denoted pAML1 and was 
subsequently used to transform electrocompetent K1041 cells, positive transformants being selected by 
growth on TGP agar containing kanamycin. 
 
3.3.8 G. thermodenitrificans K1041[pAML1] - results 
Microaerobic cultures of G. thermodenitrificans K1041[pAML1] were prepared as specified in section 3.3.5.  
Culture supernatants were analysed by HPLC (figures 12 and 13).     
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Figure 12: Concentrations of lactate, acetate and ethanol detected in the supernatant of microaerobic cultures of 
K1041[pAML1] in ASM supplemented with various concentrations of KNO3 
Supernatants were analysed by HPLC and concentrations of each product were determined using the appropriate 
standards. 
 
 
To assess whether the expression of AdhE had an impact on the growth of K1041 the amount of glucose 
consumed in 16 hours by microaerobic cultures of wild-type K1041 verses K1041[pAML1] was investigated.   
 
 
                        
Figure 13: Concentration of glucose consumed by  microaerobic cultures of K1041 and K1041[pAML1] in ASM 
supplemented with various concentrations of KNO3 
Supernatants were analysed by HPLC, and concentration glucose remaining in each culture determined using the 
appropriate standards. 
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3.3.9 G. thermodenitrificans K1041[pAML1] - discussion 
In all concentrations of KNO3 glucose consumption was higher in K1041[pAML1] than in the parent strain; 
the most striking difference in growth being that after expression of AdhE K1041 was able to grow in the 
absence of nitrate as an alternative electron acceptor (the small amount of glucose consumed in the K1041 
0mM KNO3 culture would have been used while the culture still contained oxygen).  This suggests that the 
expression of AdhE results in the re-oxidation of sufficient NADH to be used to maintain glycolysis and drive 
growth, albeit poorly, in the absence of a terminal electron acceptor.     
 
As shown in figure 12 ethanol was produced in microaerobic culture of K1041[pAML1]. The amount of 
nitrate used to supplement the media had a direct effect on the amount of ethanol, and other metabolites, 
secreted by this culture.  Although cultures of K1041[pAML1] were capable of a small amount of growth in 
the absence of nitrate, no ethanol was detected in these cultures.  It is possible that the production of 
ethanol was below the level detectable by HPLC as the refractive index detector is relatively insensitive (the 
minimum detection limit for ethanol being 3mM).  Ethanol production peaked at 10mM KNO3, with an 
average of 9.49mM being detected in cultures equating to the production of 0.46mM/mM glucose 
consumed. Above 10mM nitrate ethanol production decreased with increasing nitrate concentration.  This 
suggests that in conditions of no or limited nitrate K1041[pAML1] was utilising AdhE for the regeneration of 
NAD+ for glycolysis, however in the presence of sufficient nitrate using this as an electron acceptor in the 
TCA cycle was the preferred route of NADH re-oxidation.    
 
The major ‘fermentation’ product detected in the culture supernatant was lactate with production exhibiting 
a bell curved distribution that peaked at 10mM KNO3.  There is a clear relationship between the synthesis of 
lactate and ethanol, as lactate levels directly correlate with those of ethanol.  This relationship is not 
surprising as both of these products are involved in the re-generation of NADH.  Again, as with ethanol, at 
higher concentrations of nitrate levels of lactate drop as nitrate takes over as the preferred terminal electron 
acceptor.  Acetate production increases with the increasing KNO3 gradient.  The increase in acetate 
production as the concentration of KNO3 increases suggests the decoupling of glycolysis from the TCA cycle, 
which suggests that an increasingly favourable redox potential allows more flux than is needed for growth to 
move through the pathway, resulting in it being ‘dumped’ as acetate. 
 
 
3.4 Creation of a Δldh mutant of Geobacillus thermodenitrificans K1041 
To increase production of a desired metabolite competing metabolic pathways can be deleted to increase 
carbon flux to that product.  Lactate was found to be the major ‘fermentation’ product in microaerobic 
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cultures of K1041 expressing AdhE (K1041[pAML1]), thus making it a prime target for deletion to redirect 
flux to ethanol.  Deletion of the lactate dehydrogenase (Ldh) fermentation pathway has significantly 
increased ethanol production in a range of ethanologens.   
 
Hespell et al. (1996) developed a strain of E. coli which lacked Ldh and Pfl activity and used it as a host for 
expressing the pet operon (consisting of the pdc and s-adh genes cloned from Z. mobilis as reviewed in 
section 1.2.3).  E. coli lacking Ldh and Pfl activity was unable to grow anaerobically while the strain 
expressing the pet operon was capable of growth under anaerobic conditions. Furthermore since the 
expression of this operon conferred a selective advantage to its host in the absence of oxygen, the plasmid 
vector was maintained in the absence of antibiotic selection 
 
Hugenholtz et al. (1996) constructed a Ldh –ve strain of Lactococcus lactis and succeeded in marginally 
increasing final ethanol concentrations in batch culture because of this mutation. The further expression of 
the pet operon in this mutant strain increased ethanol production to a final concentration of approximately 
300mM (Hugenholtz and Kleerebezem 1999). 
 
The gene encoding Ldh from T. saccharolyticum JW/SL-YS485 was cloned, sequenced and used to obtain an 
Ldh –ve mutant strain (TD1) following allelic replacement using approximately 0.9kb of homologous flanking 
sequence.  Significant diversion of metabolism to ethanol was achieved (Desai et al. 2004).  
 
Cripps et al. (2009) achieved the permanent inactivation of ldhA in G. thermoglucosidasius NCIMB 11955 and 
G. thermoglucosidasius DL33 by use of the knock-out plasmid pTMO14, introducing a mutation to the native 
ldhA via homologous recombination.  Wild-type G. thermoglucosidasius strains are poor ethanol producers, 
producing predominantly lactic acid together with relatively low amounts of formic acid, acetic acid and 
ethanol.  The Δldh mutation in G. thermoglucosidasius NCIMB 11955, producing strain TM89, resulted in a 
metabolic shift towards ethanol production, with the yield of ethanol increasing from 0.10 g/g to 0.24 g/g 
glucose consumed.  A similar effect was observed with the Δldh mutant of DL33, designated DL44, where in 
chemostat culture ethanol titres increased from 0.03-0.10 g/g to 0.31-0.35 g/g glucose consumed.  Besides 
formic and acetic acid, significant quantities of pyruvate also accumulated in both strains (Cripps et al., 2009).  
 
3.4.1 Construction of a ldh knock-out vector for gene deletion 
The shuttle vector pTMO111 is composed of the origin of replication and kanamycin resistance cassette from 
the Gram-positive cloning vector pUB110 together with the origin of replication and ampillicin resistance 
cassette from the E. coli cloning vector pUC19 (McKenzie et al., 1986; Yanisch-Perron et al. 1985; Cripps et 
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al., 2009).  Its multiple cloning site contains a truncated pfl knock-out cassette which has previously been 
used to knock-out the pfl gene in G. thermoglucosidasius TM89 and G. thermoglucosidasius DL44 (Cripps et 
al., 2009; Crowhurst, 2007).  pTMO111 is not permissive for replication at temperatures above 60°C, thus 
upon transformation of this plasmid into Geobacillus sp., selection of kanamycin resistant colonies at 65°C 
yields bacteria which have undergone homologous recombination. 
 
To build a ldh knock-out cassette for G. thermodenitrificans K1041 primers K-ldhF and K-ldhR were used to 
amplify the ldh gene from G. thermodenitrificans K1041 genomic DNA by high-fidelity PCR.  Primers were 
designed using the published genome sequence from G. thermodenitrificans NG80-2, and included an EcoRI 
and HindIII in the forward and reverse primer respectively, for insertion into pTMO111.  The ldh PCR product 
was 954 base pairs in size and in parallel with pTMO111 was digested with EcoRI and HindIII, which in the 
case of pTMO111 released the pfl knock-out cassette from the vector (figure 14). 
 
                                                    
Figure 14:  Agarose Gel Electrophoresis of pTMO111 and ldh PCR product digested with EcoRI and HindIII 
Lane 2 contains pTMO11, the upper band corresponds with the size of pTMO111 without an insert in the mcs (5.1 Kb), 
and the lower band with the size of the pfl knock-out cassette (1.3 Kb).  Lane 3 contains the K1041 ldh PCR product (950 
bp).  Lane 1 contains 5µl DNA Geneladder 1Kb ladder (Fermentas) with markers of relevant molecular mass indicated. 
 
 
K1041 ldh was cloned into the pTMO111 backbone by ligation; the ligation mixture being subsequently used 
to transform chemically-competent E. coli JM109 cells.  Transformants were selected on LB agar plates 
containing ampicillin with positive clones confirmed by colony PCR (Figure 15).  The resulting construct was 
designated pNCGT1 (figure 16). 
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Figure 15:  Agarose Gel Electrophoresis of PCR products from the amplification ldh from E. coli colonies containing 
pNCGT1 
Lanes 2-5 contain the K1041 ldh PCR products from 4 different E. coli colonies after transformation with the pNCGT1 
ligation mixture (950bp).  All bands on the gel were of the expected size.  Lane 1 contains 5µl DNA Hyperladder I 
(Bioline) with markers of relevant molecular weight indicated. 
 
 
  
 
Figure 16: pNCGT1 
Backbone derived from pTMO111 consisting of the ColE1 origin of replication and ampicillin resistance cassette from 
pUC19, pUB110 origin of replication and kanamycin resistance cassette from pUB110.  ldh from K1041 was inserted at 
the EcoRI and HindIII sites.  P1/P2 are the priming sites for outward amplification of pNCGT2. 
 
 
To convert the ldh gene in pNCGT1 into a knock-out cassette 50 base pairs of this gene was removed and 
replaced with a NotI site.  Primers (K-ldh2F/R) were designed 25 bases from the centre of ldh which would 
extend in an outward direction during PCR (figure 16) thereby amplifying the whole plasmid to yield a linear 
PCR product.  Both primers contained a NotI site, and subsequently the PCR product was re-joined at the 
NotI site to form the vector pNCGT2.  The presence of the knock-out cassette was confirmed by PCR of ldh 
from pNCGT2 followed by digestion of the PCR product with NotI (figure 17). 
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Figure 17:  Agarose Gel Electrophoresis of the PCR product from the amplification of the modified ldh from pNCGT2 
and digestion with NotI 
Lane 2 contains the K1041modified  ldh PCR product (950bp) amplified from pNCGT2; lane 3 contains the PCR product 
following digestion with NotI (2 × 450bp).  Lane 1 contains 5 µl DNA Hyperladder I (Bioline) with markers of relevant 
molecular weight indicated. 
 
 
The analysis in figure 17 confirms that pNCGT2 contains the partially deleted ldh gene  containing a NotI site 
flanked with 450 base pairs of homology to K1041 ldh. 
 
3.4.2 Gene deletion by homologous recombination 
Electrocompetent K1041 cells were transformed with pNCGT2 with transformants selected for at 50°C on 
TGP agar plates containing kanamycin. 
 
To obtain colonies in which the plasmid had integrated into the chromosome by  a single homologous cross-
over between pNCGT2 and the K1041 chromosome a single KanR colony was used to inoculate 100ml TGP 
containing kanamycin and incubated at 50°C.  After approximately 16 hours the cells were concentrated by 
centrifugation and resuspended in 5ml warm TGP.  The cell suspension was serially diluted and plated onto 
TGP agar plates containing kanamycin.  The plates were incubated at 68°C – at this temperature pNCGT2 
should not be able to replicate.   
 
Colonies which grew at 68°C on plates containing kanamycin were presumed to have undergone a 
recombination event between the plasmid and the host chromosome (figure 18).   
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Figure 18: Single cross over event between pNCGT2 and the K1041 chromosome 
[A] The plasmid pNCGT2 containing the ldh replacement cassette is maintained in the cell at 55°C in the presence of 
kanamycin.  [B] Primary cross over event between the plasmid and chromosome [C] Structure of the primary 
integration event in the chromosome.  The whole plasmid has integrated into the chromosome, resulting in two copies 
of ldh: the native gene and the integrated knock-out gene. 
 
A K1041 colony presumed to have integrated the entire plasmid through a single cross-over was inoculated 
into 5ml pre-warmed 2TY in a 50ml universal tube and incubated at 55°C.  After approximately 24 hours 50µl 
culture was subcultured into 5ml fresh pre-warmed 2TY and incubated as before.  Similar serial passaging of 
the culture was carried out a further 4 times; passage 5 was then serially diluted and plated onto TGP agar 
plates which were incubated overnight at 55°C.   A total of 300 colonies were replica plated onto TGP plates 
with and without kanamycin to screen for colonies which had lost their antibiotic resistance.  42 colonies 
were found to be sensitive to kanamycin, and 20 of these were subjected to colony PCR using primers with 
anneal outside of the ldh gene (primer set K-ldhcheckF/R), followed by digestion with NotI to screen for 
colonies which had undergone a secondary recombination event (figures 19 and 20) in which the deletion in 
the ldh was retained.  A single K1041 Δldh mutant was retained and designated DL80. 
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Figure 19: Secondary cross over resulting in stabilisation of the mutant ldh in the chromosome. 
[A] One of two potential structures of a primary integrant, in which the first recombination has occurred at the 3’ end 
of fragment being inserted. [B] One of two possible routes for a second round of recombination, showing looping out 
and recombination at the 5’ end of the fragment being inserted *C+ The desired  gene replacement product resulting 
from double cross over. 
 
 
                                             
Figure 20:  Agarose Gel Electrophoresis of colony PCR products digested with NotI, amplified using primers which 
anneal outside of the ldh gene of DL80.  
Lane 2 contains the ldh PCR product from DL80 after digestion with NotI, the product has cut into two segments (750 + 
500bp); lane 3 contains the uncut ldh PCR product (1.25Kb).  Lane 1 contains 5µl DNA Geneladder 1Kb ladder 
(Fermentas) with markers of relevant molecular weight indicated. 
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3.5 Fermentation profile of DL80[pAML1] 
pAML1 was used to transform electrocompetent DL80 cells, positive transformants being selected by growth 
on TGP agar containing kanamycin.  Microaerobic cultures of DL80[pAML1] were prepared as specified in 
section 3.3.5.  In order to quantify the amount of ethanol and other metabolites being produced by this 
strain, culture supernatants were analysed by HPLC (figures 21 -23). 
 
 
: 
Figure 21:  Concentration of ethanol detected in the supernatant of microaerobic cultures of K1041[pAML1] and 
DL80[pAML1] in ASM supplemented with various concentrations of KNO3 
Supernatants were analysed by HPLC, and ethanol concentrations  in each culture determined using the appropriate 
standards.   
 
                      
Figure 22: Concentration of acetate detected in the supernatant of microaerobic cultures of K1041[pAML1] and 
DL80[pAML1] in ASM supplemented with various concentrations of KNO3 
Supernatants were analysed by HPLC, and acetate concentrations  in each culture determined using the appropriate 
standards.   
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In order to assess whether the removal of the LDH pathway had a knock-on effect on the levels of pyruvate 
excreted by the cell (as this is the precursor to lactate) pyruvate concentrations were also analysed by HPLC 
(figure 23). 
 
                 
Figure 23: Concentration of pyruvate detected in the supernatant of microaerobic cultures of K1041[pAML1] and 
DL80[pAML1] in ASM supplemented with various concentrations of KNO3. 
Supernatants were analysed by HPLC, and pyruvate concentrations  in each culture determined using the appropriate 
standards.  A total of 3 cultures per strain/condition were analysed. 
 
3.5.1 G. thermodenitrificans DL80[pAML1] - discussion 
Expression of AdhE in DL80, a Δldh mutant of G. thermodenitrificans K1041 increased levels of ethanol 2-fold 
over that produced by the wild-type expressing AdhE in ASM supplemented with 10 or 20mM KNO3. It also 
increased ethanol production to detectable levels in the absence of nitrate (figure 21).  As with the wild-type 
ethanol production exhibited a bell shaped distribution that peaked at 10mM KNO3, with an average of 
17.58mM ethanol being detected in cultures with this level of nitrate.  This equates to 0.86mM/mM glucose 
consumed, double the 0.46mM produced by K1041[pAML1] at the same level of nitrate supplementation 
(see section 3.3.9); however due to a large standard deviation between biological replicates this figure 
cannot be wholly accurate.  These findings indicate that some flux from pyruvate, which in the wild-type 
would be converted to lactate, was being re-directed to acetyl-CoA and subsequently ethanol in the Δldh 
mutant.   
 
However, at all concentrations of KNO3 the accumulation of pyruvate was higher in DL80[pAML1] than in 
K1041[pAML1].  Between  10 – 50mM KNO3 levels of pyrvuate detected were approximately 20× higher in 
DL80 over those found in K1041 (figure 23).  Pyruvate is the precursor for both lactate and acetyl-CoA, 
catalysed by Ldh and PDH respectively.  The deletion of the Ldh pathway leaves only one route possible for 
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flux from pyruvate.  If PDH is not capable of ‘processing’ this extra flux, pyruvate will  accumulate as it 
cannot be completely converted to acetyl-CoA (figure 24)  Acetyl-CoA is subsequently required for the 
production of ethanol, thus the activity of PDH may be seen as a bottleneck in ethanol production from 
DL80[pAML1]. 
 
Levels of acetate produced by K1041[pAML1] were not significantly affected by the loss of Ldh (figure 22).  
These finding are in agreement with the hypothesis drawn in section 3.3.9 that acetate is being solely 
produced as an overflow route for excess glycolytic flux. The redox consequences of the loss of Ldh activity 
mean that increased ethanol or the production of some undetected reduced product are the only possible 
outcomes. Thus the deletion of ldh should have no bearing on the levels of acetate. However, with pyruvate 
being a relatively oxidised metabolite, increased production must be balanced by the transfer of reducing 
equivalents to another metabolite, so a lower level of acetate production might have been expected.  
 
 
 
Figure 24:  G. thermodenitrificans DL80[pAML1] fermentation pathways 
Relevant genes are shown in italics and their corresponding enzymes are: PDH, pyruvate dehydrogenas; pta, 
phosphotransacetylase; ak, acetate kinase; ldh, lactate dehydrogenase; adhE, alcohol dehydrogenase (from G. 
thermoglucosidasis SB2).  Pathways shown in black are present in the wild-type (K1041);  pathays in blue have been 
introduced to the bacterium via a plasmid.  
 
 
3.6 Using alternative promoters to increase expression of K1041 pyruvate 
dehydrogenase 
If limited flux from pyruvate to acetyl-CoA is acting as a bottleneck to ethanol production using a stronger 
promoter to control expression of PDH may alleviate this problem. 
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Cripps et al. (2009) increased ethanol production in G. thermoglucosidasius TM89 (Δldh mutant, described in 
section 3.4) by replacing the native promoter region upstream of pdhA with the ldh promoters from G. 
stearothermophilus NCA1503 and G. stearothermophilus strain 10, and the pfl promoter from  B. cereus 
ATCC14579.  These promoters were selected as they are all induced under oxygen limiting conditions.  The 
strain with a PDH promoter substitution with that of ldh from G. stearothermophilus NCA1503, designated 
strain TM180, exhibited rapid growth on glucose, and reduced pyruvate production in comparison to the 
parent strain TM89, and achieved an enhanced ethanol yield of 0.37 g/g glucose consumed.  Ethanol 
production was further increased by the introduction of a mutation in pyruvate formase lyase which further 
directed flux to ethanol, thereby achieving maximum ethanol titres of 0.42 g/g glucose consumed (Cripps et 
al., 2009). 
 
The activity of promoters in Geobacillus spp. are, at best, poorly defined and in many cases unknown.  The 
NCA1503 ldh promoter was used in pAML1 to express adhE resulting in an ethanologenic strain of K1041, so 
would be a strong candidate for use in a chromosomal replacement of the PDH promoter.  However, it is not 
known how strong the native PDH promoter is under anaerobic conditions, and replacement with a weaker 
promoter could be detrimental.  Therefore, the strength of the native PDH promoter versus the NCA1503 ldh 
promoter needed to be assessed.       
 
3.6.1 Geobacillus Reporter system using catechol 2,3 dioxygenase 
Bartosiak-Jentys (2008) developed a simple reporter system for Geobacillus spp. which may be employed to 
indirectly monitor expression from a specific promoter.  pheB, a homologue of the mesophilic reporter gene 
xylE, is prevalent in Geobacillus spp., being found in G. stearothermophilus, G. thermoleovorans, G. 
thermoglucosidasius, G. subterraneus and G. uzenensis. The product of the pheB gene, catechol 2,3 
dioxygenase (C23O), is an important component in the degradation pathways of toluene and xylenes, which 
these bacteria can utilize as a sole carbon source. C23O catalyzes the dioxygenolytic meta-cleavage of the 
catechol aromatic ring to yield 2-hydroxymuconic semialdehyde, which has a vivid yellow colour and whose 
production can be easily assessed in a simple spectrophotometric assay at λ = 375nm (Bartosiak-Jentys, 
2010).  This reporter system was used to characterise the expression of the G. stearothermophilus NCA1503 
ldh, G. thermoglucosidasius NCIMB 11955 pflB, and G. thermoglucosidasius DL33 PDH  promoters in G. 
thermoglucosidasius DL44 (a Δldh derivative of DL33) under different growth conditions.    
 
 The reporter constuct pGR002 contains pheB from G. stearothermophilus DSMZ 6285 under the control of 
the ldh promoter from G. stearothermophilus NCA1503 in pUCG18 (Bartosiak-Jentys, 2010).  This plasmid 
was constructed by inserting the ldh promoter using the unique restriction sites PstI and XbaI; so these sites 
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may be subsequently used to interchange this promoter for alternative promoters for characterisation 
(figures 25 and 26).   
 
                  
 
Figure 25: pGR002 (Bartosiak-Jentys, 2010) 
E. coli - Geobacillus spp. shuttle vector pUCG18 with the multiple cloning site (MCS) containing the pheB gene from G. 
stearothermophilus DSMZ 6285 cloned downstream of the ldh promoter from G. stearothermophilus NCA 1503. 
 
 
3.6.2 Potential strong promoters  
3.6.2.1 G. stearothermophilus NCA1503 ldh  
As described in 3.6 Cripps et al. (2009) have previously used the G. stearothermophilus NCA1503 ldh 
promoter to replace the native PDH promoter in G. thermoglucosidasius TM89 to increase flux to ethanol,.  
Furthermore, Bartosiak-Jentys (2010) reported in cultures of G. thermoglucosidasius DL44 grown in Hungate 
tubes under microaerobic conditions expression of this ldh promoter was approximately 25× stronger than 
expression from the native PDH promoter.   
 
3.6.2.2 Branched-chain amino acid aminotransferase 
The hce promoter located upstream of the D-amino acid aminotransferase gene in Geobacillus toebii has 
been used for high expression of foreign genes without induction in E. coli (Poo et al., 2002).  High quantities 
of human derived proteins such as Human tumour necrosis factor-α and Human leptin have been 
synthesised by an expression system using this promoter (Poo et al., 2002; Jeong et al., 2004).  If the 
promoter for controlling the expression of D-amino acid aminotransferase in G. toebii exhibits strong, 
constitutive activity it is possible that a promoter expressing an analogous gene in G. thermodenitrificans 
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may have similar activity.  The genome sequence of G. thermodenitrificans NG80-2 contains the gene locus 
GTNG_2591 which encodes a branched-chain amino-acid aminotransferase (Feng et al., 2007).   
 
3.6.2.3 Bacillus subtilis P43 
The P43 promoter from B. subtilis is a well-characterised overlapping double promoter which exhibits strong 
gene expression during both exponential and stationary growth phases (Zhang et al., 2005).  The P43 gene 
controlled by these two overlapping promoters is expressed due to recognition of σ55 RNA polymerase 
during exponential growth, and σ37 RNA polymerase during stationary phase.  Thus, the two overlapping 
promoters are utilised differentially depending on the concentration or availability of the holoenzyme to 
ensure that P43 is expressed during multiple phases of growth (Wang and Doi, 1984).  The P43 promoter has 
been used in production of methyl parathion hydrolase from B. subtilis WB800 to improve upon titres 
previously obtained in recombinant E .coli (Zhang et al., 2005).  
 
 
3.6.3 Construction of Reporter constructs 
Using high-fidelity PCR the PDH operon promoter and GTNG_2591 promoters were amplified from G. 
thermodenitrificans K1041 genomic DNA using primer sets Rep1F/R and Rep2F/R respectively.  The P43 
promoter sequence was amplified from B. subtilis 168 genomic DNA using primers Rep3F/R.  All forward 
primers contained a PstI site at the 5’ end of the primer sequence, whereas all reverse primers contained an 
XbaI site positioned at the 3’ end of the sequence, so that these promoters could be cloned directly into the 
pGR002 MCS. 
 
To excise the ldh promoter from pGR002 this plasmid was digested with the restriction enzymes XbaI and 
PstI (figure 26).  The PDH operon, GTNG_2591, and P43 promoter PCR products were digested using the 
same enzymes and ligated to the pGR002 backbone with the ldh promoter removed.  Clones obtained after 
the ligation were screened by PCR to select for the presence of the new promoter region (figure 27). 
Hereafter plasmids containing the PDH operon, GTNG_2591, and P43 promoters were designated pNCGT3, 
pNCGT4, and pNCGT5 respectively. 
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Figure 26: Agarose Gel Electrophoresis of pGR002 digested with PstI and XbaI 
Lane 2 contains pGR002,  the upper band corresponds with the size of the pGR001 backbone (pGR002 minus promoter 
– 7.5Kb), and the lower band with the size of the ldh promoter (200bp). Lane 1 contains 5µl DNA Geneladder 1Kb ladder 
(Fermentas) with markers of relevant molecular weight indicated. 
 
 
 
Figure 27: Agarose Gel Electrophoresis of PCR products from the amplification of the promoter sequences in 
pNCGT3, pNCGT4 and pNCGT5 
Lane 2 contains the K1041 PDH operon promoter PCR product from pNCGT3 (300bp), lane 2 contains the K1041 
GTNG_2591 promoter from pNCGT4 (480bp), lane 5 contains the B. subtilis P43 promoter sequence from pNCGT5 
(490bp).  All bands present are of the expected size.  Lanes 1 and 4 contains 5µl DNA Geneladder 1Kb ladder (Fermentas) 
with markers of relevant molecular weight indicated. 
 
 
3.6.4 Reporter assays 
pGR002, pNCGT3, pNCGT4, and pNCGT5 were used to transform electrocompetent DL80 (K1041; Δldh 
genotype).  Transformants were plated onto TGP agar plates containing kanamycin, and subsequently 
screened by placing a drop of 100mM catechol on to individual colonies.  After one minute colonies which 
displayed a yellow vivid colour were deemed to be the desired  transformants. 
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DL80[pNCGT4], expressing the GTNG_2591 promoter, did not yield yellow colonies after incubation with 
100mM catechol.  DL80[pNCGT4] was therefore subcultured onto plates containing ASM – a medium which 
contains the minimal amino acid requirements for growth,  but again no colonies developed a yellow colour 
after incubation with 100mM catechol.  
 
DL80[pGR002], DL80[pNCGT3], and DL80[pNCGT5] were then grown under aerobic and microaerobic 
conditions to test the relative strength of the ldh, PDH operon and P43 promoters respectively.  Single 
colonies of each strain were inoculated into ASM media containing kanamycin and grown aerobically at 55°C 
to OD600=1.  These cultures were subsequently subcultured into aerobic cultures of 3 × 100 ml ASM 
containing 50mM KNO3 in 500 ml conical flasks; and microaerobic cultures of 3 × 100 ml ASM containing 
50mM KNO3 in 100 ml conical flasks sealed with a subaseal, and incubated for 10 hours at 55°C (250rpm).   
Clarified cell extracts from each of these cultures were prepared as described in section 2.4.3 in 50mM 
sodium phosphate buffer (pH 7.2) containing complete Mini, EDTA free protease inhibitor cocktail.  C23O 
activity was assayed as described in section 2.4.5; total protein in each cell extract was quantified as 
described in section 2.4.6. 
 
                     
Figure 28: Promoter strengths assessed by expression of C23O in DL80 under aerobic and microaerobic conditions. 
Promoter activity for ldh, PDH, and P43 promoters was assessed by C23O in DL80[pGR002], DL80[pNCGT3], and 
DL80[pNCGT5] respectively.  Specific activity is given based on total intracellular soluble protein.   
 
3.6.5 Reporter assays - discussion 
From the results exhibited in figure 28 it can be concluded that none of the promoters assayed are suitable 
to replace the native G. thermodenitrificans DL80 PDH promoter. 
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Surprisingly, expression from the PDH operon promoter under microaerobic conditions did not differ 
drastically from expression detected under aerobic conditions.  This is in stark contrast to PDH activity in G. 
thermoglucosidasis; in DL44 PDH promoter strength in aerobic cultures exhibited almost 10 times higher 
expression than those grown under microaerobic conditions (Bartosiak-Jentys, 2010).  Although it must also 
be taken into consideration that results from the two organisms cannot be directly compared, as G. 
thermodenitrificans DL80 was grown in the presence of nitrate as a terminal electron acceptor; whereas  G. 
thermoglucosidasius DL44 was not – it was only able to use fermentation products to fulfil this role.  Indeed, 
under microaerobic conditions the PDH operon promoter from G. thermodenitrificans was 10 fold more 
active than that of G. thermoglucosidasius in its cognate host, under microaerobic condtions .  It is clear from 
these results, and surveying DNA sequence upstream of the PDH operon, that these two Geobacillus species 
do not manage expression of this operon in a similar manner, and thus promoter replacement strategies 
employed in G. thermoglucosidasius may not be suitable for G. thermodenitrificans. 
 
Both G. thermodenitrificans and G. thermoglucosidasis encode a peptide deformylase upstream of the PDH 
operon, however an open reading frame termed orf2 is not present in the G. thermodenitrificans sequence 
(figure 29).  Bartosiak-Jentys (2010) suggested that in G. thermoglucosidasius  DL44 the orf2 gene product 
may be acting as a transcriptional repressor, regulating the expression of the PDH operon.  This hypothesis 
was supported by the demonstration that in DL44 when PDH promoter activity is assayed in the absence of 
orf2, levels of expression from cultures under oxygen limitation were similar to those exhibited from G. 
thermodenitrificans DL80 (Bartosiak-Jentys, 2010).  In E. coli expression of the PDH operon is controlled by 
an upstream promoter which is regulated by PdhR, the product of the gene proximal to the PDH operon. 
PDHR senses intracellular pyruvate which in turn controls its activity as the PdhR-pyruvate complex is unable 
to bind target DNA, meaning PDH is de-repressed in the presence of pyruvate (Quail and Guest, 1995).   
 
 
Figure 29: Schematic of the region upstream of the PDH operon in G. thermoglucosidasius and G. 
thermodenitrificans. 
The gene pdhA(α) is the first gene in the PDH operon and encodes the α subunit of the PDH complex.  pdf/pdf2 encodes 
a peptide deformylase.  orf2 is a gene of unknown function. 
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The absence of a transcriptional repressor in G. thermodenitrificans may be explained by the lack of the 
enzyme pyruvate formate lyase (Pfl) in this bacterium.  In the majority of bacterial species capable of 
fermentative growth the conversion of pyruvate to acetyl-CoA is catalysed by Pfl during anaerobiosis.  PDH is 
mostly responsible for catalysing this reaction during aerobic growth, although G. thermoglucosidasius TM89 
and DL44 (both Δldh genotypes) have been reported to exhibit low PDH activity during anaerobic growth 
(Cripps et al., 2009; Taylor, 2007).  G. thermodenitrificans does not express a competent fermentation 
pathway, thus does not express Pfl.  Therefore PDH must be expressed under all growth conditions, which 
may explain why PDH in G. thermodenitrificans does not require a transcriptional repressor.   
 
The results obtained from the reporter assay demonstrate that the ldh promoter from G. 
thermoglucosidasius 11955 does not exhibit stronger activity than that  of the native PDH promoter in G. 
thermodenitrificans  under microaerobic conditions.  This is in stark contrast to the strong activity of this 
promoter reported in G. thermoglucosidasius DL44 under oxygen limiting conditions (Bartosiak-Jentys, 2010).  
An explanation as to why the ldh promoter may be exhibiting lower activity in G. thermodenitrificans may 
again reflect of the fact that this bacterium does not, in the strictest sense, undergo fermentation.  The 
fermentative Ldh of E. coli is known to be allosterically activated by its substrate while pyruvate has also 
been shown to increase the expression of ldh (Tarmy and Kaplan, 1968; Jiang et al., 2001).  This effect may 
be an attributing factor to the high expression exhibited by the ldh promoter under oxygen limiting 
conditions in  G. thermoglucosidasius DL44 – which has Δldh genotype (Bartosiak-Jentys, 2010).  
 
Although the P43 promoter is reported to be a strong, constitutive promoter in B. subtilis this was not the 
case in either aerobic or microaerobic cultures of G. thermodenitrificans  DL80 (figure 26).  This may be 
attributed to this promoter being activated by the sigma factors  σ55 and σ37  during exponential and 
stationary growth respectively.  Little is known about the sigma factors utilised for transcription in G. 
thermodenitrificans.  Thus, the two sigma factors required for transcription from the P43 promoter may not 
be available, or be low in concentration in G. thermodenitrificans.  B. subtilis 168 is known to utilise 237 
independent transcription factors whereas G. kaustophilus HTA426 only has 134, highlighting the difference 
in factors involved in transcription from species to species (Moreno-Campuzano et al., 2006). 
 
 
Surprisingly, DL80[pNCGT4], containing the branched-chain aminotransferase (BCAT) promoter did not show 
any promoter activity on minimal media agar plates, so was therefore not subjected to the C23O enzyme 
assay.  This promoter drives expression of an enzyme responsible for the biosynthesis of amino acids; for 
example E. coli BCAT catalyses the biosynthesis of leucine, isoleucine and valine using glutamic acid as the 
amine donor (Grogan, 2008) thus this promoter should be active during growth on minimal media.  This 
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promoter was selected as its counterpart in G. toebii has been used as a strong constitutive promoter in 
E .coli (Poo et al., 2002), however little is known about the activity of this promoter in G. toebii or its 
complementary promoter in G. thermodenitificans.  These promoters may be subject to regulation in their 
respective native host, and as a consequence do not exhibit the strong activity in E. coli. 
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4 Can manipulation of PDH increase ethanol titres in Bacillus subtilis 168? 
4.1 Introduction 
4.1.1 Bacillus spp. 
Bacillus species have historically played a pivotal role in applied microbiology, dating back more than a 
thousand years when in Japan a strain of Bacillus subtilis (formally known as Bacillus natto) was used to 
ferment soybeans to produce natto (Hara and Udeu, 1982).  With the development of strains and production 
strategies, their use as a major workhorse in industry has continued to develop over the past century.  
Characteristics which make Bacillus species desirable for industry include having high growth rates resulting 
in short fermentation cycle times, the ability to secrete large quantities of protein extracellularly, some 
species (such as B. subtilis and B. licheniformis) have GRAS status, and the extent of knowledge now available 
about the genetics, biochemistry and physiology of this genus (Schallmey et al., 2004). 
 
Members of this genus are naturally present in soil and associated water sources such as estuaries, coastal 
waters and rivers.  As a consequence of their natural habitat, Bacillus strains have evolved to be able to 
survive in conditions of fluctuating nutrient availability.  These survival traits include mobility and chemotaxis, 
production of hydrolytic enzymes, antibiotics, and the ability to take up exogenous DNA using natural 
competence mechanisms.  Under conditions of extended nutrient starvation these bacteria survive by 
forming endospores.  Investigation of the development of natural competence, the production of hydrolytic 
enzymes, and the ability to form endospores have been the driving forces in the development of the 
molecular biology of Bacillus subtills (Harwood., 1992). 
 
4.1.2 Bacillus subtilis 
Bacillus subtilis is a facultative anaerobic, endospore-forming organism which is the most-characterised 
member of the Gram-positive bacteria (Harwood, 1992).  The complete genome sequence has been 
published and comprises 4100 protein-coding genes (Kunst et al., 1997).   
In 1961 B. subtilis was the first non-pathogenic micro-organism to be transformed (Anagnostopoulos and 
Spizizen, 1961).  The strain transformed was strain 168, a tryptophan auxotroph, which has consequently 
formed the basis of all B. subtilis genetic studies.  B. subtilis exhibits natural competency; a characteristic 
which had made it invaluable for genetic manipulation and analysis in the pre-recombinant DNA technology 
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era (Harwood, 1992).  Many bacterial and mammalian proteins have been successfully cloned and expressed 
in B. subtilis, with titres of several secreted heterologous enzymes  as high as 30 g/L (Zhang, 2010a).   
 
Zhang (2010a) noted that B. subtilis is a good candidate for being used as a recombinant celluolytic industrial 
microorganism for the production of commodity chemicals, as it is capable of utilising pentose sugars and 
oligosaccharides, can readily secrete proteins, can be easily genetically modified, is resistant to end-product 
inhibition and salts, and has a high growth rate.  B. subtilis can utilise many monomeric sugars as a carbon 
source, including glucose, fructose, mannose, galactose, arabinose, and xylose (although xylose cannot be 
utilised as a sole carbon source in B. subtilis 168 as this strain is not capable of actively transporting xylose).  
It produces a large number of polysaccharide degrading enzymes enabling degradation of polysaccharides 
into soluble carbohydrates for transport and further metabolism.  However, B. subtilis  is not naturally 
cellulolytic (Zhang, 2010a) although  cellulases have been successfully expressed in this bacterium.  Zhang 
(2010b) reported  that by overexpressing a family 5 endoglucanase in B. subtilis it could grow on amorphous 
cellulose or corn stover, common reed and switchgrass; thus paving the way for consolidated bioprocessing 
using B. subtilis. 
 
4.1.3 Fermentation in Bacillus subtilis 
Historically B. subtilis was classified as a strict aerobe; however this classification has subsequently been 
modified as it was shown that it is able to grow anaerobically, either by utilising nitrite or nitrate as an 
alternative electron acceptor, or by fermentation (Nakano and Zuber, 1998).   
In the absence of terminal electron acceptors B. subtilis grows poorly by a mixed acid and butanediol 
fermentation.  Lactate, acetate, and 2,3-butanediol have been identified as the major fermentation products, 
together with smaller quantities of acetoin, succinate and ethanol (Figure 30; Nakano et al., 1997; Ramos et 
al., 2000).  No formate is detectable in B. subtilis fermentations which is unusual in mixed acid fermentations.  
The enzyme normally responsible for the synthesis of formate is pyruvate formate lyase (Pfl) which catalyses 
the conversion of pyruvate to acetyl-CoA and formate under anaerobic conditions.  Under aerobic conditions 
PDH converts pyruvate to acetyl-CoA, simultaneously generating NADH.  The shift from PDH to Pfl in most 
mixed acid fermentations is advantageous as, in the absence of oxygen or alternative electron acceptors, 
NADH cannot be readily reoxidised  (Nakano et al., 1997).  However, the absence of formate in fermentation 
broths of B. subtilis suggests that it does not use Pfl, but seems to use PDH for both aerobic and 
fermentative growth.  This conclusion is reinforced by the absence of a complementary protein sequence to 
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E. coli Pfl among the protein sequences deduced from the B. subtilis genome sequence (Ramos et al., 2000; 
Kunst et al., 1997). 
 
                           
Figure 30: Bacillus subtilis fermentation pathways 
Relevant genes are shown in italics and their corresponding enzymes are: PDH, pyruvate dehydrogenase; alsS, 
acetolactate synthase; pta, phosphotransacetylase; ak, acetate kinase; ldh, lactate dehydrogenase; adhE, alcohol 
dehydrogenase. 
 
Glucose fermentation in B. subtilis is very inefficient, and requires glucose and the addition of either 
pyruvate or a mixture of amino acids for fermentative growth.  This contrasts with E. coli which can ferment 
glucose or pyruvate rather than requiring both.  The requirement for both of these substrates is somewhat 
baffling since pyruvate is a product of glucose fermentation.  Nakano et al. (1997) hypothesised  that the 
levels of pyruvate produced by the fermentation of glucose are not sufficient to induce expression of genes 
involved in pyruvate catabolism.  An alternative hypothesis is that the excess pyruvate is a source of specific 
amino acids, the synthesis of which may be deficient in fermentation as a consequence of the higher 
requirement for pyruvate (Nakano et al., 1997).  It was also reported by Folmsbee et al. (2004) that B. 
subtilis 168 requires supplementation of DNA in the growth media to enable growth under strict anaerobic 
conditions; however this growth requirement has not been substantiated in any subsequent literature. 
 
4.1.4 Increasing ethanol titres synthesised by Bacillus subtilis 168 
 
Previously, attempts to increase ethanol production in B. subtilis has centred on introducing a second 
ethanol production pathway in this microorganism.  Barbosa and Ingram (1994) introduced pdc and adhB 
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from Z. mobilis (reviewed in section 1.2.2) to B. subtilis, expressing these genes from a multi-copy vector.  
Although Pdc and AdhB proteins were detected, no enzymatic activity or ethanol production was detected 
(Barbosa and Ingram, 1994).  Romero et al. (2007) achieved functional expression of these two enzymes by 
inserting pdc and adhB into the B. subtilis chromosome, under the control of the native ldh promoter.  This B. 
subtilis strain, BS35 produced ethanol and 2,3-butanediol however glucose consumption and cell growth 
were reduced by 65% and 70% respectively in comparison to the parent strain.  This finding is intriguing as 
the LDH pathway was replaced with a stoichiometrically equivalent redox pathway (Pdc-AdhB), both of 
which should reoxidise one mol of NADH.  To further increase flux through the pdc-adhB pathway the alsS 
gene was disrupted, resulting in enhanced ethanol production in strain BS36, giving 89% of the theoretical 
yield (Romero et al., 2007). 
 
The aim of the work presented here was to investigate whether ethanol production in B. subtilis could be 
increased by increasing flux through the native ethanol pathway involving PDH.  This required Ldh and AlsS 
activities to be removed in order to channel the maximum flux possible from pyruvate through the PDH 
pathway (figure 30).       
 
4.2 Gene Deletion of ldh and alsS 
4.2.1 Construction of ldh and alsS knock-out vectors 
alsS and ldh, including 500bp upstream sequence to these genes, were amplified by high-fidelity PCR using B. 
subtilis genomic DNA as a template.  The primers bsalsF and bsalsR contained SalI and SacI restriction sites 
respectively, while bsldhF and bsldhR contained HindIII and SacI sites respectively. The resulting  alsS and ldh 
PCR products were cloned into pEry8 (pUC18 containing an erythromycin resistance marker) by ligation into 
the appropriate restriction sites; transformants were selected on LB agar plates containing ampicillin with 
positive clones confirmed using colony PCR.  The ensuing constructs were designated pNCBS1 and pNCBS2 
containing ldh and alsS and flanking regions, respectively.  To convert pNCBS1 and pNCBS2 into knock-out 
vectors a segment of DNA at the 5’ end of each gene was removed by PCR.  Primers (bsldh2F and 
bsldh2R/bsals2F and bsals2R) were designed which would extend in an outward direction thereby amplifying 
the whole plasmid to yield a linear PCR product.  The PCR product was subsequently re-circularised by 
ligation of the blunt ends to form the vectors pNCBS3 and pNCBS4 containing ldh and alsS with 5’ deletions, 
for use as knock-out cassettes respectively.     
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4.2.2 Generating Ldh-ve and AlsS-ve mutants of Bacillus subtilis 168 
pNCBS3 was used to transform naturally competent B. subtilis 168 cells, the transformation mixture plated 
onto LB agar plates containing erythromycin and incubated at 37°C for 48 hours.  pNCBS3 contains the origin 
of replication from pUC18 so is unable to replicate in  B. subtilis, therefore it may be assumed that in 
erythromycin resistant colonies pNCBS3 has undergone homologous recombination with the host 
chromosome.  A second recombination event is required in order to remove the erythromycin resistance 
marker and original copy of the ldh gene from the host chromosome. 
 
An erythromycin resistant colony was inoculated into 50ml LB in a 250ml conical flask and incubated at 37°C 
at 250 rpm.  After approximately 24 hours 100µl of this culture was  subcultured into 50ml fresh LB and 
incubated as before.  Serial passaging of the culture was carried out a further 5 times, then passage 6 serially 
diluted, plated onto LB agar plates and incubated overnight at 37°C.   Colonies were replica plated onto LB 
plates containing erythromycin and plates containing no antibiotic, to screen for colonies which had lost 
their resistance to erythromycin.  Colonies sensitive to erythromycin were subjected to colony PCR using 
primers outside of ldh (primer set bsldhcheckF/R) to screen for colonies which had undergone a secondary 
recombination event.  In the ldh knock-out serial passaging was continued until a double-cross-over was 
confirmed.  After 9 sub-cultures one colony was isolated containing the required double-crossover, 
confirmed by colony PCR (figure 31). The B. subtilis 168 Δldh mutant was designated DL86. 
 
                              
Figure 31:  Agarose gel electrophoresis of colony PCR products screening for double-crossovers in Kan
S 
B. subtilis 168 
previously transformed with pNCBS3. 
Lanes 2 – 7 contain PCR products from 7 different bacterial colonies, correlating with the size of the wild-type ldh (1.8Kb) 
indicating that these colonies have reverted to wild-type; lane 8 contains a smaller ldh PCR product (800bp) indicating this 
colony has the truncated version of the ldh gene, arising from primary and secondary recombination at different ends of the 
gene and should exhibit an Δldh genotype.  Lane 1 contains 5µl DNA Geneladder 1Kb ladder (Fermentas) with markers of 
relevant molecular weight indicated. 
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Gene deletion of alsS was performed by homologous recombination using pNCBS4 in strain DL86, following 
the same protocol as described for pNCBS3.  The resulting B. subtilis 168 Δldh ΔalsS mutant was designated 
DL87 (figure 32). 
 
                                  
Figure 32:  Agarose gel electrophoresis of PCR products of ldh and alsS amplified from wild-type B. subtilis 168, DL86, 
and DL87. 
Lanes 2, 4 and 6 contain the ldh PCR product; lanes 3, 5 and 7 contain the alsS PCR product; strains used as a DNA 
template are indicated.  Smaller PCR products than that present in the wild-type are indicative of truncation of the 
associated  gene.  Lane 1 contains 5µl DNA Geneladder 1Kb ladder (Fermentas) with markers of relevant molecular 
weight indicated. 
 
 
4.2.3 Characterisation of B. subtilis Δldh ΔalsS 
Overnight cultures of B. subtilis 168, DL86, and DL87 in LB were used to inoculate Hungate tubes filled with 
12ml LB supplemented with 1% glucose and sodium pyruvate, which had been sparged with nitrogen for 5 
minutes in order to remove oxygen from the headspace.  Anaerobic cultures were incubated at 37°C for 24 
hours at 250rpm.  Wild-type B. subtilis reached an OD600 of 2, but no growth was exhibited with  either DL86 
or DL87.  Elimination of Ldh inhibited anaerobic growth in B subtilis, highlighting the importance of NADH 
reoxidation by this enzyme for overall anaerobic energy metabolism (Ramos et al., 2000). The poor 
anaerobic growth exhibited by B. subtilis in the absence of alternative electron acceptors may be attributed 
to the poor activity of PDH, this enzyme may not be sufficiently active to deal with the additional flux after 
the removal of Ldh.    
 
4.3 B. subtilis PDH: Quantitative RT-PCR 
Quantitative RT-PCR was employed to assess the relative expression of the PDH operon in aerobic versus 
anaerobic conditions.  B. subtilis 168 was grown under aerobic (50ml culture in a 250ml conical flask) and 
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anaerobic (12ml culture in a Hungate tube sparged with N2) conditions in LB supplemented with 1% glucose 
and sodium pyruvate, and incubated at 37°C (250 rpm) until OD600 = 1.  1ml bacterial culture was added to 
2ml Qiagen RNeasy protect solution, then  RNA extraction was carried out as specified in 2.3.10.  qRT-PCR 
was undertaken as described in 2.3.11 and 2.3.12.  rplL which encodes ribosomal protein L12 was used as an 
endogenous housekeeping gene and the primer sets used were qrt2F/R and qrt7F/R which amplify pdhA and 
rplL respectively. The efficiency of all primer sets used in qRT-PCR was analysed, with all primers used shown 
to have an efficiency of ≥95% .  
 
 
Figure 33: qRT-PCR of expression of PDH in B. subtilis 168, under aerobic vs. anaerobic growth conditions 
O2: Aerobic cultures; AnO2: Anaerobic cultures.  All Ct values were normalised to levels of the rplL transcript. 
 
Aerobic cultures in exponential growth were  found to express 3.75-fold higher levels of pdhA mRNA 
compared to  levels detected in anaerobic cultures (figure 33).  It may be the case that expression of PDH 
from its native promoter is acting as a bottleneck in anaerobic growth. By expressing the native PDH at 
higher levels in B. subtilis during anaerobic growth flux may be increased through the PDH pathway. 
 
4.4 Overexpressing PDH in B. subtilis  
4.4.1 Construction of an expression vector  
To increase anaerobic expression of PDH in B. subtilis the operon was placed under the control of the P43 
promoter, which exhibits strong gene expression during both exponential growth and stationary phases 
(Zhang et al., 2005; reviewed in section 3.6.2.3). 
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The construction of this vector was executed by the Gibson one-step isothermal multi-part DNA assembly 
method. Briefly, PCR products containing complementarity to an  adjacent DNA fragment and a linearised 
destination vector were mixed together with a cocktail containing T5 exonuclease, Phusion pfu polymerase, 
and Taq ligase (see section 2.3.9).  T5 exonuclease chews-back the linearised vector and PCR products from 5’ 
– 3’, the vector and PCR products anneal in  the regions of complementarity effectively acting as primers so 
that Phusion polymerase may fill in the gaps, and ligase seals the four single stranded nicks.  The Phusion 
polymerase chases the T5 exonuclease around the plasmid, as the exonuclease is gradually heat-inactivated 
the polymerase overtakes it (Gibson et al., 2009). 
 
The P43 promoter and PDH operon were amplified from B. subtilis 168 chromosomal DNA by high-fidelity 
PCR using primer sets Gib9/10 and Gib11/12 respectively.  Gib9 contained 20bp complementarity to pMK4 
upstream of the EcoRI site; Gib11 20bp complementarity to the 3’ P43 promoter sequence; Gib12 20bp 
complementarity to pMK4 downstream of the PstI site.  Plasmid pMK4 digested with EcoRI and PstI, and the 
two PCR products and were simultaneously fused together by Gibson DNA assembly (see section 2.3.9), then 
2µl of the final 20µl assembly mixture used to transform chemically competent E. coli DH5α cells.  
Transformants were screened on LB agar containing ampicillin, and positive clones analysed by colony PCR 
(figure 34).  The ensuing vector was termed pNCBS5. 
 
                                              
Figure 34: Agarose gel electrophoresis of PCR products from the amplification of P43 and PDH from E. coli colonies 
containing pNCBS5.   
Lane 2 contains the PCR product from PDH amplification (5Kb); lane 3 contains the PCR product from P43 promoter (450bp) 
amplification.  Lane 1 contains 5µl DNA Geneladder 1Kb ladder (Fermentas) with markers of relevant molecular weight indicated. 
 
 
4.4.2 Does overexpression of PDH rescue anaerobic growth in a Δldh genotype? 
pNCBS5 was used to transform competent B. subtilis DL86 and DL87 cells.  Single colonies of B. subtilis 168, 
DL86, DL86[pNCBS5], and DL87[pNCBS5] were used to inoculate LB and grown at 37°C until OD600 = 1.  This 
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was subsequently used to inoculate Hungate tubes filled with 12ml LB supplemented with 1% glucose and 
sodium pyruvate and incubated at 37°C for 24 hours at 250rpm.  Seed cultures used to inoculate Hungate 
tubes were in the exponential growth phase in order to minimise the lag phase seen in microaerobic cultures, 
and these cultures were not sparged with nitrogen as to allow for initial growth of each culture.     
 
             
Figure 35: Microaerobic growth of B. subtilis 168, DL86 and DL86[pNCBS5], DL87[pNCBS5] in 24 hours. 
Cultures were grown in Hungate tubes in LB supplemented with 1% glucose and sodium pyruvate.   
 
By overexpressing PDH, the ability of DL86 (Δldh) to grow fermentatively  was restored to levels just shy of 
the wild-type (figure 35).  However, with the additional deletion of alsS (DL87) growth levels were much 
lower, although significantly higher than the control without pNCBS5.  The growth seen in DL86 reflects 
aerobic growth in the Hungate tubes before oxygen became depleted, as this strain did not grow when 
Hungate tubes were pre-sparged with N2.   
 
4.4.3 Does overexpression of PDH result in higher ethanol titres? 
Supernatants from microaerobic cultures (from section 4.4.2) were analysed using an ethanol enzyme assay 
(see section 2.5.4) to detect the levels of ethanol secreted by each B. subtilis strain (figure 36). 
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Figure 36:  Ethanol detected in microaerobic cultures of B. subtilis 168, DL86[pNCBS5], and DL87[pNCBS5] grown for 
24 hours. 
Ethanol present in culture supernatants was analysed by an Ethanol enzyme assay. 
 
 
Ethanol produced by B. subtilis increased in DL86[pNCBS5] and DL87[pNCBS5] in comparison to the wild-type 
(figure 36), indicating that flux had been  successfully re-directed towards ethanol in these strains. 
Intriguingly, although DL87[pNCBS5] grew relatively poorly under anaerobic conditions, its specific ethanol 
productivity was higher than that of DL86[pNCBS5], such that its final ethanol titre was approx 75% of that of 
DL86[pNCBS5]. 
 
4.5 Discussion 
In attempting to redirect flux from pyruvate to ethanol in B. subtilis 168 the Ldh and AlsS pathways were 
deleted to yield strain DL87.  However removal of Ldh alone resulted in a strain, DL86, which was unable to 
grow under strictly anaerobic conditions.  Analysis of the expression of PDH under anaerobic conditions by 
qRT-PCR revealed that this operon was transcribed at lower levels during fermentative growth compared to 
aerobic growth. This suggests that, although anaerobic expression of PDH might be sufficient to allow acetyl-
CoA production when the redox balance is largely maintained through Ldh activity, in the absence of Ldh, 
PDH and possibly AdhE activities are unable to deal with the additional flux. Thus, PDH was overexpressed in 
order to rescue fermentative growth in these strains. 
 
Expression of PDH from a strong promoter restored fermentative growth in B. subtilis DL86, an observation 
which contradicts the conclusions drawn by Romero et al. (2007) regarding B. subtilis with an Ldh negative 
phenotype.  Their observation of the lack of complementation of an ldh knockout by Pdc-AdhB, despite the 
two pathways being stoichmetrically identical in terms of their redox balance, was used to propose that Ldh 
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was playing an additional role in fermentative growth.  The B. subtilis Ldh has one of the highest activities 
and affinities for NADH, however this Ldh is also able to utilise the co-factor NADPH (Garvie, 1980; Romero 
et al., 2007).  Thus B. subtilis Ldh may contribute to maintaining the intracellular balance of NADPH/NADP+ 
during fermentation (Romero et al., 2007).  To test this hypothesis Romero et al. (2007) expressed an E. coli 
pyridine nucleotide transhydrogenase (UdhA) in B. subtilis BS86 (Δldh, ΔalsS genotype).  This enzyme 
catalyses the reversible transfer of reducing equivalents between available pools of NADP+ and NAD+, 
expression of which in BS36 which resulted in partial restoration in growth rate (Romero et al., 2007). This 
would only be consistent with the results of the current study if AdhE was also capable of reducing both 
NAD+ and NADP+. 
 
 
Interestingly the additional disruption of alsS had a large impact on the ability of B. subtilis with a Δldh 
↑PDH genotype (DL87[pNCBS5]) to grow by fermentation (figure 35), whereas  it was reported by Ramos et 
al. (2000) that loss of AlsS had no significant effect on anaerobic growth.  The alsS gene encodes acetolactate 
synthase which catalyses the conversion of pyruvate to 2,3-butanediol.  Thus, this pathway in itself is 
intriguing as it seems counter-intutitive to use 2 pyruvate to only generate one mole NADH.  A redox 
imbalance or insufficient pyruvate flux through the upregulated PDH may be affecting fermentative growth 
in DL87.   
 
 
After removal of Ldh and overexpression of PDH in B. subtilis 168, ethanol titres achieved during 
microaerobic growth in Hungate tubes increased nearly 3-fold (figure 36).  Interestingly, although growth 
was reduced the levels of ethanol produced after knocking-out alsS remained high.  After 24 hours, growth 
of DL86[pNCBS5] was three-times that of DL87[pNCBS5], although the ethanol concentration in the 
DL87[pNCBS5] culture was nearly 80% of that detected in the DL86[pNCBS5] culture.    In order to determine 
how flux much has been redirected to ethanol as a result of the knock-outs made in these strains the 
concentrations of acetate produced also needs to be considered.  It would be expected that flux through 
PDHc would be pushed towards ethanol rather than acetate for the regeneration of NAD+.  All B. subtilis 
cultures in this work were grown in a rich media, the next step is to assess titres of ethanol and acetate 
produced by DL86[pNCBS5] and DL87[pNCBS5] in a minimal media by HPLC analysis. 
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5 Butanogenic Bacillus subtilis 
5.1 Introduction 
The butanol synthetic pathway from C. acetobutylicum has been engineered into E. coli by a number of 
groups (reviewed in section 7.1) due to gene manipulation being well established in this organism; however 
it is not an ideal candidate for butanol production on an industrial scale due to its moderate tolerance for 
exogenous butanol (1.5% v/v – Atsumi et al., 2008a).  As a matter of fact, C. acetobutylicum, a natural 
butanol producer, exhibits a similar toletance to exogenous butanol. Therefore, in both E. coli and C. 
acetobutylicum further improvements to butanol titres will be hindered by the low tolerance of these 
bacteria to the solvent.  It would therefore be beneficial to use a naturally solvent-tolerant microorganism as 
a host for butanol production.   
 
Nielsen et al. (2009) examined the use of Pseudomonas putida and Bacillus subtilis as alternative production 
hosts for butanol.  Genes thl, adhE2, and the BCS operon were expressed in the solvent tolerant P. putida S12 
and B. subtilis KS438, a non-spore former.  P. putida is an obligate aerobe and until this work it was generally 
accepted that the clostridial Bcd-EtfAB complex is inactive in the presence of oxygen, as assays testing for the 
activity of this complex in vitro only showed activity under strictly anaerobic conditions (Inui et al., 2007).  
However a yield of 120 mg/l butanol was achieved under aerobic conditions when using glycerol as a carbon 
source.  To eliminate the possibility that a native homologous protein was responsible for butyryl-CoA 
dehydrogenase activity a strain which did not express bcd and etfB was shown to be unable to produce 
butanol (Nielsen et al., 2009).  In contrast, under aerobic conditions no butanol production was detected in B. 
subtilis.  Under anaerobic conditions 23 mg/l and 24 mg/l butanol was produced using glucose or glycerol as 
a carbon source respectively.  These findings were unexpected as Clostridium spp. is more similar 
phylogenetically to Bacillus spp than either Pseudomonas spp or E. coli.  However this similarity has no 
apparent beneficial effect when expressing the clostridal butanol synthesis genes in a heterologous host 
(Nielsen et al., 2009). 
 
Although a butanogenic strain of B. subtilis has previously been achieved (Nieslen et al., 2009) the butanol 
synthesis genes were expressed on a plasmid.  This work aimed to express these genes on the B. subtilis 
chromosome, with expression being controlled by native promoters which ordinary express the fermentation 
products Ldh, Adh, and AlsS.          
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5.2 Chromosomal replacement of B. subtilis ldh with C. acetobutylicum adhE2  
5.2.1 Vector construction 
The gene adhE2 was amplified from the plasmid pSOL (from Clostridium acetobutylicum) by PCR with the 
primers AdhE2F and AdhE2R, containing BamHI and SalI sites respectively.   Primers bsldh2F and bsldh2R 
were used to synthesise a linear PCR product from pNCBS1 (see section 4.2.1; figure 37A and B).  The adhE2 
PCR product was cloned into linear pNCBS1 by ligation at BamHI and SalI sites (figure 37C); the ligation 
mixture being subsequently used to transform chemically-competent E. coli cells.  Transformants were 
selected on LB agar plates containing ampicillin with positive clones confirmed using colony PCR (Figure 38).   
The ensuing vector was termed pNCBS6, and contained 500bp upstream of ldh (including the ldh promoter), 
adhE2 gene, and 500bp at the 3’ end of ldh.  
 
                                       
Figure 37: Construction of pNCBS6. 
Arrows in green represent the two antibiotic markers present (encoding resistance to amplicillin and erythromycin); red 
arrows show the origin of replication; the black arrow represents lacZ present in the multiple cloning site.  [A]  The B. 
subtilis ldh PCR product was cloned into pEry8 to form pNCBS1.  [B]  Primers were used which anneal to the centre of 
ldh in pNCBS1 was used to generate a linear PCR product of this plasmid, the reverse primer annealing to the promoter 
region of ldh so that an inserted gene may be expressed from this promoter.  [C]  The C. acetobutylicum adhE2 gene 
was cloned into linear pNCBS1 to yield pNCBS6. 
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Figure 38: Agarose Gel Electrophoresis of PCR products from the amplification of ldh and adhE2 from pNBSC6  
Lanes 2 and 3 contain C. acetobutylicum adhE2 PCR product from pNCBS6 (3Kb); lanes 4 and 5 contain B. subtilis ldh PCR 
product from pNCBS6, which contains adhE2 (4Kb).   Lane 1 contains 5µl DNA Geneladder 1Kb ladder (Fermentas) with 
markers of relevant molecular weight indicated. 
 
 
5.2.2 Gene replacement by Homologous Recombination 
Gene replacement by pNCBS6 was undertaken as per gene deletion by pNCBS3 (see section 4.2.2).  In an 
attempt to select for a double-crossover, cultures were sub-cultured a total of 12 times.  No double-
crossover colonies were isolated, arsing colonies sensitive to erythromycin were all found to have reverted 
to the wild-type genotype.   
 
The growth media used during sub-culture of a single-crossover can influence the ratio of secondary 
recombinants to those which have reverted to wild-type (Taylor, 2007).  Single-crossover B. subtilis 
168*pNCBS6+ was used to inoculate 50ml cultures in PAB, 2TY, and Spizizen’s minimal media, each culture 
incubated at 37°C and 30°C.  After a total of 12 sub-cultures no double-crossover colonies were isolated, 
arsing colonies sensitive to erythromycin were all found to have reverted to the wild-type genotype.   
 
Although the ldh promoter which is controlling the expression of the knocked-in adhE is an anaerobic 
promoter there is no evidence to suggest that this promoter is completely inactive under aerobic conditions.  
On the contrary, it has been shown that in Geobacillus spp. this promoter is also active in the presence of 
oxygen (Bartosiak-Jentys, 2010; see section 3.6.5).  If AdhE is deleterious to the B. subtilis cell in the absence 
of the preceding butanol synthesis enzymes this would result in a selection pressure upon single-crossover 
cells to revert to the wild-type genotype over a secondary recombination event as it is in the cells favour to 
remove adhE. 
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To add selection pressure in favour of a double recombination event a second antibiotic was cloned into 
pNCBS6.  A second antibiotic marker – in this case kanaymcin, inserted inbetween adhE and 3’ end of ldh in 
pNCBS6 may be used to select for a double-crossover by sub-culturing the single-crossover in the presence 
of kanamycin.  An EryS KanR phenotype after serial passaging would be indicative that a double-
recombination event has occurred.  However it is desirable that a final butanogenic B. subtilis strain not be 
resistant to antibiotics, foremost as this would hinder further genetic manipulations for strain development, 
and ultimately, for a micro-organism to be industrially viable it should not be resistant an antibiotics.  To 
circumvent this problem recombination recognition sites may be used to remove an undesired fragment of 
DNA – in this case being the kanamycin resistance marker.   
 
Bacteria such as E. coli and B. subtilis which have circular chromosomes express Xer recombinase systems 
that ensure the multimeric chromosomes which form after homologous recombination between sister 
chromosomes during DNA replication are re-split into monomers prior to cell division.  This is undertaken in 
B. subtilis by RipX and CodV which catalyse site-specific recombination at a 28bp sequence of DNA known as 
a dif site (Sciochetti et al., 2001).  Bloor and Cranenburgh  (2006) used this system do remove antibiotic 
markers from the B. subtilis chromosome.  By flanking these markers with dif sites the bacterium’s natural 
Xer recombinase system will recombine to excise the marker from the chromosome.  Although it was 
reported that Xer recombination had removed the dif-flanked antibiotic marker from the majority of clones 
after 24 hours, the system was used to knock-out the extracellular proteases Mpr and NprE which may have 
had a positive effect on the recombination frequency, as these proteases may degrade secreted 
recombinant proteins.  It is also worth noting that while insertion of one or more dif site at different 
chromosomal loci seems to have no adverse effects on chromosome segregation it is logical to hypothesise 
that the introduction of multiple dif sites in close proximity would result in the deletion intervening DNA, 
thus the insertion of multiple gene knock-ins using this method may be detrimental to the bacterium (Bloor 
and Cranenburgh, 2006). 
 
The kanamycin resistance cassette (kan) was amplified by high-fidelity PCR with primers kanF/kanR using the 
plasmid pGlt-kan as template DNA; both primers contained a SalI and dif site.  kan was cloned into pNCBS6 
by ligation at the SalI site; the ligation mixture being subsequently used to transform chemically-competent 
E. coli JM109 cells.  Transformants were selected on LB agar plates containing ampicillin with positive clones 
confirmed using colony PCR.   The ensuing vector was termed pNCBS7. 
 
Gene replacement using pNCBS7 was performed as specified in section 4.2.2.  A single cross-over was 
subcultured in LB supplemented with kanamycin a total of 11 times, after which a KanS double crossover 
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colony was isolated and confirmed by colony PCR (figure 39), using primers which anneal outside of the ldh 
gene (primer set bsldhcheckF/R).  This strain was subsequently termed DL89, and contained a chromosomal 
insertion of the adhE2 gene from C. acetobutylicum at the B. subtilis adh loci, positioned so that adhE2 
would be expressed by the adh promoter. 
 
                                                     
Figure 39: Agarose gel electrophoresis of ldh amplified from B. subtilis DL89 by colony PCR.  
Lane 2 contains the PCR product from the amplification of ldh, using primers which anneal outside of the chromosomal 
replacement. This region includes the adhE2 gene (4.5Kb).  Lane 1 contains 5µl DNA Geneladder 1Kb ladder (Fermentas) 
with markers of relevant molecular weight indicated. 
 
5.3 Chromosomal replacement of B. subtilis adh with C. acetobutylicum thiL 
A knock-in construct for insertion of thiL into the adh loci in the B. subtilis chromosome was synthesised as 
per pNCBS6 (see section 5.2.1).  Briefly, primers bsadhF and bsadhR were used to amplify adh from B. 
subtilis 168 chromosomal DNA which was subsequently cloned into pEry8 (pUC18 containing an 
erythromycin resistance marker) at sites PstI and EcoRI, yielding the construct pNCBS8.  Primers thioF and 
thioR were used to amplify thiL using the plasmid pTHIO as a template, primers bsadh2F and bsadh2R used 
to amplify pNCBS8 by PCR and the two PCR products joined together at SalI and EcoRV sites.  Colony PCR 
was used to confirm the presence of the correct inserts (figure 40), the ensuing construct termed pNCBS9.    
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Figure 40: Agarose Gel Electrophoresis of PCR products from the amplification of adh and thiL from pNBSC9 
Lane 2 contains C. acetobutylicum thiL PCR product from pNCBS9 (1Kb); lane 4 contains B. subtilis adh PCR product from 
pNCBS9, which contains thiL (2Kb).  Lanes 1 and 3 contain 5µl DNA Geneladder 1Kb ladder (Fermentas) with markers of 
relevant molecular weight indicated. 
 
 
Gene replacement by pNCBS9 was undertaken as per gene deletion by pNCBS3 (see section 4.2.2).  EryS 
colonies which arose after serial passaging of DL89 containing the integrated pNCBS9 were subjected to 
colony PCR to amplify chromosomal adh, and this PCR product cut with SalI to identity colonies which has 
undergone a secondary recombination event.  No adh PCR products were found to be cut by SalI (figure 41), 
therefore it can be concluded all colonies sensitive to erythromycin were had reverted to the wild-type 
genotype. 
 
 
Figure 41:  Agarose Gel Electrophoresis of PCR products digested with SalI screening for double-crossovers in Kan
S 
DL89 previously transformed with pNCBS9. 
Lanes 2 – 5 contain PCR products correlating with the size of wild-type adh (1.8Kb) which have not been cut by SalI 
indicating these colonies have reverted to the wild-type; lane 6 contains adh PCR product from pNCBS9 which was 
successfully cut by SalI; lane 7 contains uncut adh PCR product from pNCBS9.  Lane 1 contains 5µl DNA Geneladder 1Kb 
ladder (Fermentas) with markers of relevant molecular weight indicated. 
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In order to adopt the same method as with the insertion of adhE into the ldh loci, a chloramphenicol 
resistance marker (cm) flanked with dif sites was to be inserted inbetween thiL and the 3’ end of adh.  cm 
was amplified from pGlt-cm by PCR using primers with cmF/cmR, both of which contained an EcoRV site.  
pNCBS9 was digested with EcoRV for insertion of cm, however this enzyme did not cut this plasmid.  pNCBS9 
was re-sequenced using the bsadhR primer, and this sequence aligned to the original sequence obtained for 
this plasmid (appendix 2; Figure 43A and B).  pNCBS9 had lost 30 base pairs , which included the last two 
bases of the EcoRV site and 3’ segment of adh.  To reinstate the EcoRV site pNCBS9 was re-built as previously, 
and cm inserted into the EcoRV site by ligation.  Correct clones were identified by colony PCR, however after 
one sub-culture resistance to chloramphenicol was lost.  Colony PCR was again used to confirm the loss of 
cm (figure 42), and plasmids extracted from each of these and sequenced using the bsadhR primer.  The four 
plasmids sequenced were aligned to the sequence of the original pNCBS9 plasmid, revealing that each 
plasmid had lost a different segment of DNA (appendix 2; Figure 41).    
 
 
Figure 42: Agarose Gel Electrophoresis of PCR products from the amplification of cm from pNBSC10, before and after 
sub-culture. 
Lanes 2 - 5 contain PCR products of cm from colonies 1-4 containing pNCBS10 immediately after ligation (800bp); lanes 
6 - 9 contain PCR reactions from colonies 1-4 containing pNCBS10 after sub-culture. Lane 1 contains 5µl DNA 
Geneladder 1Kb ladder (Fermentas) with markers of relevant molecular weight indicated. 
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Figure 43:  Picture representation of components of pNCBS9 and pNCBS10 in different colonies after sub-culture, as 
determined by sequencing using primer bsadhR. 
[A] Original pBSNC9;  [B] pBSNC9 after loss of EcoRV ; [C] pBSNC10 colony 1; [D] pBSNC10 colony 2; [E] pBSNC10 colony 
3; [F] pBSNC10 colony 4. 
 
5.3.1 Why are pNCBS9 and pNCBS10 unstable? 
DNA sequences of pUC18, 5’ region of B. subtilis adh, C. acetobutylicum thiL, and 3’ region of B. subtilis adh 
were aligned with one another to check for similarities between the sequences or tandem / inverted repeats  
which may result in unwanted recombination.  No sequence similarities were identified.  For ease of cloning, 
pUC18 features ‘blue/white’ colony screening, which is based upon the disruption of the lacZ gene which is 
situated in the plasmid’s multiple cloning site.  If the gene being cloned into pUC18 is in the same orientation 
as the lacZ gene its promoter may activate transcription in the inserted gene, and if transcription occurs in 
the wrong open reading frame this can yield a protein which is toxic (Godiska et al., 2010).  thiL (and adhE) 
however was cloned into pUC18 in the reverse orientation so this would not be the case with pNCBS9/10. 
 
DNA sequences with a high percentage of adenine and thymine bases (AT-rich DNA) can be unstable, and are 
notoriously difficult to clone.  This instability is exacerbated in typical cloning vectors such as pUC18 which 
have a high-copy number, for example, AT-rich DNA fragments from Pneumocystis carinii (65% AT) which are 
unstable in pUC19 are reported to be stable once cloned into a low-copy, transcription-free vector (Godiska 
et al., Luigen Corporation).  thiL has a  AT-rich sequence (64% AT), which may explain why pNCBS9 and 
pNCBS10 were found to be unstable.  In all other publications where the C. acetobutylicum thiL has been 
expressed on a plasmid in an alternative host expression of thiL was controlled by an inducible promoter 
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(Inui et al., 2007; Atsumi et al., 2008a), so when cloning this gene expression would have been switched-off; 
whereas in this work thiL is being expressed by the B. subtilis adh promoter.   
 
5.4 Discussion 
Unfortunately, problems which arose during cloning and insertion of the genes encoding the butanol 
pathway synthesis impeded the successful engineering of a butanogenic B. subtilis.   As discussed above 
(section 5.3.1) the instability of pNCBS9 and pNCBS10 containing thiL under control of the B. subtilis adh 
promoter was hypothesised to caused by the high percentage of AT bases in thiL (64% AT).  By building this 
knock-in cassette in a low copy number plasmid (such as a plasmid with a p15A origin of replication) DNA 
instability may be alleviated.  B. subtilis is also transformable by linear DNA, so another method of resolving 
problems with DNA stability would be to generate a knock-in cassette by SOEing PCR, and inserting this DNA 
fragment into the chromosome as a PCR product. 
 
adhE2 also has an AT-rich sequence (68% AT), which also may explain why yielding a double cross-over in a 
primary integrant of pNCBS8 in B. subtilis 168 was unachievable.  The operon composed of crt-bcd-etfBA-hbd 
has also been cloned into pNCBS2, for insertion into the B. subtilis chromosome at the alsS loci (data not 
shown), however attempts to insert this operon into the chromosome were not made until problems with 
the insertion of thiL into adh had been resolved.  This operon also has an AT-rich sequence (66%), and so it is 
probable that problems would arise with the integration of this DNA into B. subtilis.   
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6 Utilising PDH for elevated production of ethanol from E. coli 
6.1 Introduction 
Escherichia coli, the original workhorse of the biotechnology industry, has long been at the centre of intense 
genetic, metabolic and biochemical research, and is the best-studied bacterium, and primary reference 
organism in the discovery of function in other microorganisms (Keseler et al., 2005).  Arguably, E. coli strain 
K-12 is the single organism about which the most is known (Riley et al., 2006).  After initial isolation in 1922 
the discovery that this strain was capable of genetic recombination by conjugation and transduction 
promoted its wide-spread use in laboratories across the world (Lederberg and Tatum, 1946; Lennox, 1955).  
The genomes of E. coli strains MG1655 and W3110, both derivates of K-12 were sequenced by Blattner et al. 
(1997) and Hayashi et al. (2006) respectively.  Extensive scientific knowledge now available about strain 
MG1655 has been consolidated into the online database EcoCyc, which captures the functions and 
regulatory systems of E. coli gene products and their organization into operons, complexes and pathways 
(Keseler et al., 2011).  This information not only serves the E. coli community, but may be used to form a 
basis in exploration of gene function and regulation in other prokaryotic and eukaryotic genomes (Riley et al., 
2006). 
 
6.1.1 Fermentation in E. coli 
E. coli naturally ferments sugars to a mixture of ethanol and organic acids (see figure 4).  During glycolysis 
each mole of glucose is converted into 2 moles of pyruvate, and 2 moles of NAD+ is reduced to NADH 
producing a net 2 moles of ATP.  Pyruvate is subsequently converted to acetyl-CoA and formate by pyruvate 
formate lyase (Pfl), a reaction in which reducing equivalents are withheld in formate and dissipated via 
formate dehydrogenase as H2.  Acetyl-CoA acts as an electron-acceptor for the oxidation of 2 moles of NADH 
by a bi-functional alcohol dehydrogenase (AdhE) through the conversion of acetyl-CoA to ethanol via 
acetaldehyde as an intermediary.  2 moles of NADH are required per ethanol produced, so to maintain redox 
balance a second acetyl-CoA from glycolysis is converted to acetate and an additional ATP (Kim et al., 2007).   
 
6.1.2 Redirecting flux to ethanol 
Much work has been done on expressing the ethanol producing pathway from Z. mobilis in E. coli, resulting 
in high ethanol producers (reviewed in section 1.2.2).  Trinh et al. (2008) used Elementary Mode (EM) 
analysis to design a cell with minimal functionality dedicated to the production of ethanol.  As well as 
deletions in ldhA, pta, and frd, EM analysis identified zwf, ndh, poxB, sfcA, and maeB, encoding glucose-6-
phosphate-1-dehydrogenase, NADH dehydrogenase II, pyruvate oxidase, and NAD/NADP-dependent malate 
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enzyme respectively which should be deleted in order to achieve this minimal cell.  In E. coli central 
metabolism there are over 15,000 pathway possibilities, however these eight gene deletions led to the 
availability of only six pathways which could support cell function and produce ethanol, thereby reducing the 
burden from extraneous pathways so more cellular resources could be directed towards ethanol synthesis.  
Although EM analysis had identified Pfl as a pathway which could be deleted to obtain a minimal 
ethanogenic E. coli cell this pathway could not be deleted as the PDH pathway was only active in E. coli 
during aerobic growth (Trinh et al., 2008). 
 
6.2 Redirecting flux to ethanol: gene deletions 
 In order to increase flux to ethanol during fermentative growth, pathways which are competing with ethanol 
for flux may be deleted.  To eliminate all competing fermentation pathways a knock-out E. coli strain 
incorporating chromosomal deletions in ldhA, pflB, frdBC, and pta (figure 4) was generated.   
 
The Keio collection is a collection of single-gene knockout E. coli BW25113 (Baba et al., 2006) created using a 
one-step knock-out method using PCR products as designed by Datsenko and Wanner (2000).  Using this 
strategy the gene being deleted is replaced by a kanamycin resistance cassette flanked by flipase recognition 
target (FRT) sites.  The Flp recombinase system is found naturally in S. cerevisiae - expression of Flp promotes 
recombination between two 34-nt FRT sites, as the four subunits of this protein act in a two-step process, 
recombining two DNA partners by exchanging pairs of single strands (Fedoryshyn, et al., 2008).  DNA within 
the two FRT sites (in this case, being the antibiotic resistance marker) is recombined out of the chromosome, 
leaving an 82- to 85-nt scar (Datsenko and Wanner, 2000). 
 
Kanamycin resistant E. coli BW25113 containing knock-outs in pflB and pta were obtained from the Keio 
Collection (Baba et al., 2006).  BW25113 ΔfrdBC was not available from the Keio Collection, this gene knock-
out, along with BW25113 ΔldhA was created by Issariya Chairam (MRes Project 2008).  Gene knock-outs 
were combined sequentially in E. coli BW27783 by bacteriophage P1 transduction (see section 2.1.13).   A 
helper plasmid pCP20 contains a yeast Flp recombinase and temperature sensitive Repts replicon for easy 
elimination of this plasmid from its host (Cherepanov and Wackernagel, 1995).  This was used to remove the 
kanamycin-resistance marker from each strain after P1 transduction, so subsequent gene knock-outs may be 
inserted into the chromosome. 
 
To remove the kanamycin resistance marker in knock-out strains pCP20 was used to transform the targeted E. 
coli competent cells and recovered/plated overnight at 30°C, the resulting transformants being resistant to 
both kanamycin and ampillicin (ampillicin resistance conferred by pCP20).  Transformants were subsequently 
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subcultured onto LB agar plates and incubatedat 42°C, selecting for both the loss of the pCP20 Ts plasmid and 
with the chromosomal FRT-flanked kanamycin resistance cassette.  The resulting colonies were streaked 
onto both LB and LB plates containing kanamycin to identify those which had lost the kanamycin resistance 
cassette. Finally and presence of the the knocked-out gene was confirmed by PCR using primers flanking the 
deleted gene (figure 44).   
                                          
Figure 44:  Agarose gel electrophoresis of PCR products from the amplification of frdBC in wild type, ΔfrdBC kan
R
, 
and ΔfrdBC kan
S
. 
Lane 2 contains the PCR product of frdBC amplified from BW27783 (1.2Kb); lanes 3, 4, and 5 contain the ΔfrdBC kan
R
 
PCR product; lane 6 contains the ΔfrdBC kan
S
 PCR product (600bp) containing the ‘scar’ fragment left after excision of 
the resistance cassette. The band present at 1Kb is mis-annealed PCR product.  Lane 1 contains 5µl DNA Hyperladder I 
(Bioline) with markers of relevant molecular weight indicated. 
 
Once the kanamycin resistance gene had been removed, P1 transduction could be used to insert another 
gene deletion into the strain, by using a kanamycin resistant knock-out strain as a donor.  After confirming 
the presence of this knock-out by PCR the kanamycin resistance gene was excised from the chromosome by 
the procedure described, allowingthe process to be repeated.  The resulting ΔfrdBC, ΔldhA, Δpta, and ΔpflB 
Kans strain was designated DL84 (figure 45).  All E. coli BW27783 knock-out strains created in this work are 
listed in table 6. 
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Figure 45:  Agarose Gel Electrophoresis of PCR products from the amplification of all deleted genes in DL84. 
Gene names are labelled on the gel.  PCR products from BW27783 are present as a control and are labelled wt; PCR products 
from DL84 are labelled ko.  Lane 1 contains 5µl DNA Hyperladder I (Bioline) with markers of relevant molecular weight indicated. 
 
 
 
Strain Genotype 
DL81 BW27783, ΔldhA 
DL82 BW27783, ΔldhA ΔfrdBC 
DL83 BW27783, ΔldhA ΔfrdBC Δpta 
DL84 BW27783, ΔldhA ΔfrdBC Δpta ΔpflB 
DL85 BW27783, ΔldhA ΔfrdBC ΔpflB 
 
Table 6:  E. coli BW27783 knock-out strains generated in this work. 
 
6.2.1 Pyruvate formate lyase 
DL84 (and DL85) was unable to grow anaerobically due to the deletion of the pyruvate formate lyase (Pfl) 
pathway.  Pfl catalyses the conversion of pyruvate into acetyl CoA and formate (Lehtiö et al., 2002).  The 
activity of Pfl is regulated by post-translational modification which is allosterically controlled; Pfl is translated 
as an inactive enzyme and is only converted to its active form in the absence of oxygen (Rasmussen et al., 
1991).  A free radical reacts with Pfl forming the active enzyme; however this radical is destroyed by dioxygen 
(Conradt et al., 1984; Wagner et al., 1992).  Thus Pfl is only active under strictly anaerobic conditions.  The 
presence of pyruvate is also required for activation of Pfl (Lehtiö et al., 2002).  In order to metabolise 
pyruvate, Pfl uses a two-step mechanism which is outlined below - with Ë-SH representing the active form of 
Pfl with the associated free radical (Wagner et al., 1992) – 
 
Ë-SH + pyruvate ↔ Ë-S-acetyl + formate 
 
Ë-S-acetyl + CoA ↔ Ë-SH + acetyl-CoA 
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6.3 Eliminating Feedback Inhibition in PDH 
6.3.1 PDH: E. coli 
The relative mRNA levels of genes encoding the PDH complex are independent of the presence of oxygen 
during the growth of E. coli (Kim et al., 2008).  Aerobic conditions also have no effect on the translation of 
this mRNA to protein; however, the enzyme complex itself is inhibited by NADH (Kim et al., 2008; Snoep et al., 
1993).  Under aerobic conditions, NADH generated by PDH as well as other enzyme-catalysed reactions such 
as the TCA cycle and glycolysis is oxidised by the respiratory chain using oxygen as the terminal electron 
acceptor.  However in the absence of oxygen organic compounds generated from glycolysis serve as 
alternative electron acceptors in order to retain the redox balance and therefore continued growth of the 
bacterium.  As NAD+ regeneration becomes more difficult, NADH generation becomes less favourable and the 
use of carbon compounds as electon acceptors during  fermentation results in [NADH]/[NAD+] ratios being 7-
fold higher under anaerobic conditions than levels found aerobically (de Graef et al., 1999).  In an 
environment in which levels of NADH are elevated, PDH activity is inhibited and a route to acetyl-CoA 
generation which does not generate further NADH, such as Pfl is favoured.   
 
Sensitivity to intracellular [NADH]/[NAD+] ratios is linked to the inactivation of the E3 component of the PDH 
enzyme complex, encoded by lpd, and variation in sensitivity between species is dependent upon the relative 
amount of this protein within the enzyme complex (Cocaign-Bousquet et al., 1996).  Kim et al. (2008) have 
shown that a single base mutation from a G to an A at position 1060 in lpd, resulting in a change of the 
glutamate at position 354 in E3 to lysine can reduce the sensitivity of PDH to feedback inhibition by NADH.  In 
wild type E. coli PDH is completely inhibited at a [NADH]/[NAD+] ratio of 0.04; however at this ratio E. coli 
PDH harbouring the lpd mutation is completely active (Kim et al., 2008).  Kim et al. (2007) introduced random 
mutations to E. coli AH242 (W3110, ΔldhA ΔpflB) by mutagenesis with ethyl methane sulphonate, leading to 
the generation of strain of SE2378 carrying the base pair mutation in lpd.  Anaerobic growth rate of SE2378 in 
rich media was about 50% of that of the wild-type.  The maximum specific ethanol productivity for SE2378 
was 1.34 g h-1 g cells -1, which is comparable to that reported in batch fermentations of S. cerevisiae (1.6 g h-1 
g cells -1).  Interestingly, when grown aerobically in glucose-minimal media the growth rate of SE2378 was 
only about 50% the growth rate of the parent strain AH242, indicating that the inclusion of this mutation was 
detrimental to aerobic PDH activity (Kim et al., 2007).   
 
6.3.2 PDHs: Gram Negative vs. Gram Positive 
Although E. coli and other Gram negative bacteria PDHs are highly sensitive to negative feedback inhibition 
by elevated levels of NADH there is no evidence that this applies in Gram positive bacteria.  It has previously 
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been reported that Enterococcus faecalis exhibits a high PDH activity under fermentative conditions.  
Interestingly, PDH activity in this microorganism is dependent on the pH of the culture.  At low culture pH 
(pH 5), high in vivo and in vitro PDH and Ldh activities were detected in an anaerobic chemostat culture of E. 
faecalis NCTC 775, whereas at high pH carbon flux switched towards Pfl as a result of a shift in redox balance 
in the cell (Snoep et al., 1990).  High anaerobic PDH activity in E. faecalis has been attributed to the strong 
expression of the PDH E3 enzyme; in contrast E3 is only weakly expressed in Lactococcus lactis and as a 
result PDH in this bacterium is inactive under anaerobic conditions (Snoep et al., 1993).    
 
As previously shown in this work, PDH in B. subtilis is active under anaerobic conditions, and overexpression 
of this complex results in the recovery of fermentative growth in an Ldh-ve mutant of B. subtilis (see section 
4.4.2).  Also, overexpression of the native PDH in G. thermoglucosidasius ΔldhA ΔpflB mutant unable to grow 
by fermentation has been shown to revive anaerobic growth in this strain (Cripps et al., 2009; reviewed in 
section 3.6).   This evidence suggests that regulation of PDH activity under anaerobic conditions, in some 
Gm+ve organisms, is largely controlled by gene expression, thus heterologous expression of PDH from a 
Gram-positive bacterium may rescue fermentative growth in E. coli with a ΔpflB genotype.   
 
6.3.3 Can E. faecalis PDH be expressed in E. coli? 
The frequency of the different possible codons used to encode each amino acid differs between species, 
giving species-specific patterns (Garcia-Vallve´ et al., 1999).  Codon usage is a critical factor in prokaryotic 
gene expression – preferred codons correlate with the abundance of cognate tRNA’s available within the cell 
of a species, allowing for optimal translation (Gustafsson et al., 2004).  If a DNA sequence contains codons 
rarely used in the expression host a consequence may be that these proteins will be poorly expressed (Kane, 
1995).  The DNA sequence of the entire E. faecalis PDH operon was compared with the codon usage table of 
E. coli K-12 (Graphical Codon Usage Analyser, www.gcua.de).   CTA encoding leucine was present at six 
positions in the protein sequence, and AGA encoding arginine was present at two positions.  These two 
codons are not commonly found in E. coli genes.  To ensure that this operon would be expressed in E. coli 
initially the four individual genes which constitute the operon were cloned into pBAD.  pdhA, pdhB, aceF and 
lpdA were cloned into pBADmyc/HisA (Invitrogen) at NcoI and XbaI sites.  All primers used and subsequent 
constructs made after cloning into pBADmyc/HisA are listed in table 7. 
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Gene Primers Plasmid 
pdhA BadEF1/2 pBADEF1 
pdhB BadEF3/4 pBADEF2 
aceF BadEF5/6 pBADEF3 
lpdA BadEF7/8 pBADEF4 
 
Table 7: Plasmids constructed to evaluate expression of proteins from the E. faecalis PDH operon. 
 All PCR products were amplified from E. faecalis genomic DNA; all forward and reverse primers contained NcoI and 
XbaI sites respectively and digested PCR products were cloned into these sites in pBADmyc/HisA. 
 
 
pBADmyc/HisA contains the E. coli araBAD promoter, so each gene could be expressed in E. coli by activation 
of the promoter with arabinose.  E. coli BW27783 containing each pBAD plasmid was inoculated into 10ml LB 
and incubated aerobically at 37°C to an OD600 = 0.6. Each culture was subsequently induced with arabinose at 
a final concentration of 0.02% w/v, and incubated for a further 4 hours.  1ml of each culture was centrifuged 
and the pellet used to analyse intracellular proteins in each culture by SDS-PAGE (figure 46).    
 
                                                 
Figure 46: SDS-PAGE gel electrophoresis of intracellular protein from cultures of BW27783 containing various pBAD 
constructs expressing protein from the E. faecalis PDH operon.                                                                                                                                     
All cultures were induced by supplementing the growth media with 0.02% (v/v) L-arabinose.  Lane 2 contains protein 
from BW27783; lane 3 contains protein from BW27783[pBADEF1] expressing PDHA (41.3KDa); lane 4 contains protein 
from BW27783[pBADEF2] expressing PDHB (34.3KDa); lane 5 contains protein from BW27783[pBADEF3] expressing 
AceF (56.6KDa); lane 6 contains protein from BW27783[pBADEF4] expressing Lpd (49KDa).  Lane 1 contains Unstained 
Protein molecular marker (Fermentas).   
 
 
These proteins were also subjected to western blotting by detection of the myc-tag present on each protein 
(figure 47).  All proteins in the PDH operon were expressed, the only anomally being the apparently high 
molecular weight of AceF on the SDS-PAGE gel (figure 46).  The predicted molecular mass of this protein is 
56.6KDa, however its apparent size based on mobility in the gel was approximately 65KDa.  From analysis 
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the western blot it also appears that this polypeptide was being expressed at a lower level than PdhA, PdhB, 
and Lpd (figure 46).   
 
Figure 47: Western Blot detecting myc-tagged protein from cultures of BW27783 containing various pBAD constructs 
expressing protein from the E. faecalis PDH operon.                                                                                                                                     
All cultures were induced by supplementing the growth media with 0.02% (v/v) L-arabinose.  Lane 1 contains protein 
from BW27783[pBADEF1] expressing PDHA; lane 2 contains protein from BW27783[pBADEF2] expressing PDHB; lane 3 
contains protein from BW27783[pBADEF3] expressing AceF; lane 4 contains protein from BW27783[pBADEF4] 
expressing Lpd.   
 
6.3.4 Construction of vectors expressing PDH from Gram positive bacteria  
The E. coli ldhA promoter was selected for expression of E. faecalis PDH in E. coli as lactate is a major 
fermentation product of E. coli and as such must be strongly expressed during fermentation.  The ldh 
promoter was amplified from E. coli BW27783 genomic DNA by high-fidelity PCR using primers ecldhF/ecldhR 
which contained SalI and  XbaI sites respectively; the PDH operon was amplified from E. faecalis genomic 
DNA using the primer set efPDHF/efPDHR which contained XbaI and SacI in the forward and reverse primers 
respectively.  The ldh promoter and PDH operon PCR products were sequentially cloned into pBluescript II SK 
by ligation into the appropriate restriction site; transformants were selected on LB agar plates containing 
ampicillin with positive clones confirmed using colony PCR (Figure 48).  The ensuing construct was designated 
pNCEC2.   
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Figure 48: Agarose Gel Electrophoresis of PCR products from the amplification of PDH from E. coli colonies 
containing pNCEC2  
Lane 2 contains the PCR product of the ldhA promoter from E. coli (400bp); lane 4 contains the E. faecalis PDH PCR 
product (5Kb).  Lanes 1 and 3 contain 5µl DNA Hyperladder I (Bioline) with markers of relevant molecular weight 
indicated. 
 
 
6.3.5  PDH enzyme assays 
pNCEC2 was used to transform chemically-competent E. coli DL81 to allow  PDH assays  to be done in a Δldh 
genetic background as, in the presence of pyruvate,  Ldh tends to re-oxidise NADH produced by PDH 
(Chretien et al., 1995). 
   
An overnight DL81[pNCEC2] culture was used to inoculate 3 × 100 ml LB + 1% v/v glucose in 100 ml conical 
flasks sealed with a subaseal which had been pre-sparged with N2.  Anaerobic DL81 and aerobic 
DL81[pNCEC2] cultures were used as negative and positive controls respectively.  Cultures were incubated at 
37°C for 6 hours (250rpm).  Clarified cell extracts were prepared as described in section 2.4.2 in 50mM 
potassium phosphate buffer (pH 7.2) containing cOmplete Mini, EDTA free protease inhibitor cocktail.  PDH 
activity was assayed as described in section 2.4.7 and total protein in each cell extract was quantified as 
described in section 2.4.3. 
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Figure 49:  PDH enzyme assays carried out on aerobic and anaerobic flask cultures of DL81 and DL[pNCEC2].                  
All cultures were grown in LB supplemented with 1% glucose.  O2 denotes cultures grown under aerobic conditions; 
AnO2 denotes cultures grown under anaerobic conditions. 
 
 
DL81[pNCEC2] exhibited a small amount of PDH activity under anaerobic conditions (figure 49).  As a control, 
cultures of DL81 were also assayed; DL81 grown under aerobic conditions exhibited strong PDH activity, 
whereas under anaerobic conditions no activity was detected (figure 49).  These results do not correlate with 
the findings of Kim et al. (2008) that PDH mRNA transcript levels do not change between aerobic and 
anerobic conditions, and that the lack of PDH activity under anaerobic conditions is solely due to negative 
feedback inhibition by NADH.  If this was the case then you would expect to see the same levels of activity 
between aerobic and anerobic cultures, as PDH has been extracted from the cell, and thus no longer to 
susceptible to negative feedback inhibition.  These results instead indicate that PDH is also being inhibited 
during anaerobic growth at a transcriptional level.  This is supported by work published by Jeffrey Green’s 
group, which found that levels pdhA mRNA transcript decrease in E. coli K-12 under oxygen limiting 
conditions.  During the transition from aerobic respiration to anaerobiosis (15 minutes after conditions were 
turned anaerobic) PDH mRNA transcript detected was 3-fold lower than in aerobic cultures (Partridge et al., 
2007); and 2-fold higher in aerobic cultures compared to under anaerobiosis in steady-state chemostat 
cultures (Rolfe et al., 2011).   
 
6.3.6 Can expression of E. faecalis PDH rescue anaerobic growth in a ΔpflB E coli? 
 
pNCEC2 was used to transform chemically-competent E. coli DL84 and DL85.  The resulting DL84[pNCEC2] 
and DL85[pNCEC2] were grown anaerobically alongside SE2378 and DL85 as positive and negative controls 
respectively.  Overnight cultures of these strains were used to inoculate Hungate tubes containing 12ml LB 
supplemented with 1% glucose, which in the case of anaerobic cultures had been pre-sparged with N2 for 5 
minutes.  Cultures were incubated at 37°C (250 rpm) for 24 hours. 
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Figure 50: Anaerobic growth of E. coli SE2378, DL85, DL85[pNCEC2] and DL84[pNCEC2] in 24 hours.                               
Cultures were grown in Hungate tubes in LB supplemented with 1% glucose. 
 
Partial fermentative growth was restored in DL85 (ΔldhA, ΔfrdBC, ΔpflB) albeit poorly, presumably by 
expression of the E. faecalis PDH from pNCEC2 – anaerobic growth achieved in 24 hours in DL85[pNCEC2] 
was approximately one third  that seen in SE2378 (ΔldhA, ΔpflB, mutation in lpd) (figure 50).  However, the 
presence of pNCEC2 in DL84 (ΔldhA, ΔfrdBC, Δpta, ΔpflB) did not restore fermentative growth.  It has been 
previously reported that the media pH can affect PDH activity due to pH having an effect on intra-cellular 
redox balance (Snoep et al., 1990), therefore both DL84[pNCEC2] and DL85[pNCEC2] were grown 
anaerobically in LB + 1% glucose at pH5 and pH8 - however anaerobic growth was still not achieved in 
DL84[pNCEC2] and in DL85[pNCEC2] growth was reduced.  Growth seen in DL85 and DL84[pNCEC2] under 
microaerobic conditions is indicative of aerobic growth in the Hungate tubes before oxygen became 
depleted, as the strain does not grow when Hungate tubes are pre-sparged with N2.   
   
 
6.3.7 Production of ethanol from E. coli DL85[pNCEC2] 
Supernatants from microaerobic cultures of SE2378 and DL85[pNCEC2] (from section 6.3.6) were analysed 
using an ethanol enzyme assay (see section 2.5.4) to detect the levels of ethanol secreted by each E. coli 
strain (figure 51). 
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Figure 51:  Ethanol detected in microaerobic cultures of E. coli SE2378 and DL85[pNCEC2] grown for 24 hours. 
Ethanol present in culture supernatants was analysed by an Ethanol enzyme assay. 
 
The concentration of ethanol detected in DL85 culture supernatants was just shy of that detected in SE2378 
(figure 51).  This is somewhat surprising as the OD600 of the DL85 cultures was approximately 2-fold lower in 
SE2378 microaerobic and anaerobic cultures (figure 50).   
 
6.4 Creation of a hybrid E. coli / E. faecails PDH 
As previously discussed (section 6.3.1) a single base mutation in the E. coli lpd, changing a glutamate at 
position 354 in E3 to lysine (Kim et al., 2008),  results in reduced sensitivity of PDH to NADH.  This amino acid 
change is found in the pyridine nucleotide-disulphide oxidoreductase dimerisation domain (figure 52) of Lpd.  
This domain contains NADH binding sites; thus alterations in this site may reduce the efficiency of NADH 
binding to this enzyme, and reduce negative feedback inhibition by NADH. In an attempt to reduce negative 
feedback inhibition in PDH even further this domain in the E. coli lpd was substituted with the corresponding 
domain from E. faecalis (figure 52). 
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Efaec  8    IELDTVVIGAGPGGYVAAIRAAEMGQKVAIIER-EYIGGVCLNVGCIPSKALIAAGHHYQ  66 
            I+   VV+GAGP GY AA R A++G +  I+ER   +GGVCLNVGCIPSKAL+      + 
Ecoli  5    IKTQVVVLGAGPAGYSAAFRCADLGLETVIVERYNTLGGVCLNVGCIPSKALLHVAKVIE  64 
 
Efaec  67   EAQDSSTFGVTAKGVELDFAKTQDWKDNTVVKSLTGGVGMLLKKHKVEIIEGEAFFVDEN  126 
            EA+  +  G+     + D  K + WK+  V+  LTGG+  + K  KV+++ G   F   N 
Ecoli  65   EAKALAEHGIVFGEPKTDIDKIRTWKEK-VINQLTGGLAGMAKGRKVKVVNGLGKFTGAN  123 
 
Efaec  127  TLRVIHPDSAQTYSFNNAIVATGSRPIEIPGFKF-GGRVLDSTGGLNLKEVPKKFVIIGG  185 
            TL V   +     +F+NAI+A GSRPI++P       R+ DST  L LKEVP++ +++GG 
Ecoli  124  TLEVEGENGKTVINFDNAIIAAGSRPIQLPFIPHEDPRIWDSTDALELKEVPERLLVMGG  183 
 
Efaec  186  GVIGAELGGAYANLGSEVTILEGSPSILPTYEKDMVKVVTDHFKKK-NVTIVTSAMAKEA  244 
            G+IG E+G  Y  LGS++ ++E    ++P  +KD+VKV T    KK N+ + T   A EA 
Ecoli  184  GIIGLEMGTVYHALGSQIDVVEMFDQVIPAADKDIVKVFTKRISKKFNLMLETKVTAVEA  243 
 
Efaec  245  VDNGDSVTVKYEVNGKEESVEADYVMVTVGRRPNTDDLGLEQAGVEIGERGLIPVDNQGR  304 
             ++G  VT++ +     E    D V+V +GR PN  +L   +AGVE+ +RG I VD Q R 
Ecoli  244  KEDGIYVTMEGK-KAPAEPQRYDAVLVAIGRVPNGKNLDAGKAGVEVDDRGFIRVDKQLR  302 
 
Efaec  305  TNVKNIFAIGDIVPGAALAHKASYEAKIAAEAISGKKVAVDYKAMPAVAFTDPELASVGM  364 
            TNV +IFAIGDIV    LAHK  +E  +AAE I+GKK   D K +P++A+T+PE+A VG+ 
Ecoli  303  TNVPHIFAIGDIVGQPMLAHKGVHEGHVAAEVIAGKKHYFDPKVIPSIAYTEPEVAWVGL  362 
 
Efaec  365  TVAEAKEAGIEAKGYKFPFAGNGRAISLDKTEGFMRLVTTVEDNVIIGAQIAGVGASDMI  424 
            T  EAKE GI  +   FP+A +GRAI+ D  +G  +L+   E + +IG  I G    +++ 
Ecoli  363  TEKEAKEKGISYETATFPWAASGRAIASDCADGMTKLIFDKESHRVIGGAIVGTNGGELL  422 
 
Efaec  425  SELALAIESGMNAEDIALTIHPHPSLGE  452 
             E+ LAIE G +AEDIALTIH HP+L E 
Ecoli  423  GEIGLAIEMGCDAEDIALTIHAHPTLHE  450 
Figure 52:  Blastp alignment of Lpd amino acid sequences from E. coli and E. faecalis                                                      
Sequences in blue and green represent the pyridine nucleotide-disulphide oxidoreductase dimerisation domain in E. 
faecalis and E. coli respectively.  The middle amino acid sequence denotes positions of sequence identity and similarity 
(+) between the E. coli and E. faecalis sequences.  The amino acid in red represents the amino-acid which has been 
mutated to lysine in E. coli SE2378  
 
 
To overcome problems encountered by differing codon usages between the target gene and expression host, 
rare codons within the target gene can be altered so that they reflect the codon usage of the host, without 
modifying the amino acid sequence of the encoded protein (Gustafsson et al., 2004).  The DNA sequence 
encoding the pyridine nucleotide-disulphide oxidoreductase dimerisation domain in E. faecalis was codon 
optimised for expression in E. coli, and this DNA sequence was chemically synthesised (GenScript Inc., New 
Jersey, USA).  The codon optimised hybrid DNA sequence can be found in appendix 3. 
 
6.4.1 Construction of lpd hybrid DNA knock-in cassette 
The bacteriophage λ Red recombinase system was employed to replace 369bp at the 3’ of lpd (including the 
stop codon) with the synthesised hybrid DNA.  The Red system is composed of three proteins: an λ 
exonuclease (Exo), responsible for the digestion of the 5’ end of double-stranded DNA; β protein (Bet), which 
binds to single-stranded DNA and promotes strand annealing; and ϒ protein (Gam), which binds to, and 
inhibits the activity of bacterial RecBCD.   Together, expression of these proteins induce a ‘hyper-rec’ state in 
E. coli which stimulates recombination events between DNA species with little homology (Poteete, 2001).  By 
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inhibiting the E. coli RecBCD exonuclease V, Exo and Bet can gain access to DNA ends to promote 
recombination (Datsenko and Wanner, 2000).  Datsenko and Wanner (2000) constructed the ‘helper’ 
plasmid pKD46 which expresses these proteins from the arabinose-inducible ParaB promoter.  By expressing 
this plasmid in E. coli BW25113 they were able to knock-out genes using linear DNA (PCR products) with only 
36bp of sequence identity in the flanking regions adjacent to the gene to be inactivated.  The host gene was 
substituted with an antibiotic marker flanked with FRT sites for subsequent removal of the marker (reviewed 
previously in section 6.2) (Datsenko and Wanner, 2000).   
 
Although Datsenko and Wanner (2000) reported using this method to create gene knock-outs using 36-50bp 
flanking regions of sequence identity in practice this has not been easily achievable.  After using this gene-
inactivation method Serra-Moreno et al. (2006) reported that using longer regions of homology i.e.280bp 
each side of the antibiotic marker, yielded transformants containing the knock-out.  Similar observations 
have been noted in our research group when generating ΔldhA and ΔfrdBC BW25113 mutants (Issariya 
Chairam, MRes Project 2008). 
 
To substitute 369bp at the 3’ end of the E. coli chromosomal lpd gene a knock-in cassette was constructed in 
pUC18.  The cassette contained the 369bp hybrid lpd DNA sequence adjacent to a kanamycin resistance 
marker flanked by two FRT sites (this sequence was available on the plasmid pKD3; Datsenko and Wanner, 
2000).  Flanking these were 300bp of lpd upstream sequence, and 300bp of lpd downstream sequence 
(figure 53).   
 
 
Figure 53: lpd hybrid knock-in cassette                                                                                                                                                
The four components of the knock-in cassette were assembled by Gibson DNA assembly, using pUC18 as the vector 
backbone.  Primer positions used to generate a knock-in PCR product for transformation into E. coli are indicated. 
 
  
Four high-fidelity PCR products, covering each of the four components, were generated  as described in  
Table 8A.  Each forward primer (and reverse primer when amplifying the lpd 3' flanking region) contained 
20bp sequence identical to the start of the adjacent fragment of DNA.  Gibson DNA assembly was used to 
simultaneously fuse the four PCR products and pUC18 digested with EcoRI and PstI.  2µl of the final 20µl 
assembly mixture was then used to transform chemically competent DH5α cells and transformants selected 
on LB agar containing ampicillin.  AmpR colonies were subjected to colony PCR to confirm that all four 
insertions were present, however no colonies were indentified which contained FRT-flanked kanaymcin 
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resistance marker.The regions of sequence overlap between adjacent DNA fragments used in Gibson DNA 
assembly was extended from 20bp to 40bp by re-amplifying the four original PCR products with primers 
which anneal to the 20bp overlap in the original primers.  Four high-fidelity PCR products were assembled as 
described in Table 8B and Gibson DNA assembly and transformation were performed as before.  Colonies 
identified as displaying an AmpR KanR phenotype were subjected to colony PCR to confirm the presence of all 
four parts (figure 54), the correct plasmid subsequently being named pNCEC3. 
 
A            B 
PCR  PCR Product Primers Template 
 
PCR  PCR Product Primers Template 
1 lpd 5' Homologous region Gib1 E. coli gDNA 
 
5 lpd 5' Homologous region Gib1a PCR 1 
    Gib2   
 
    Gib2   
2 Hybrid lpd Gib3 pE3-hybrid 
 
6 Hybrid lpd Gib3a PCR 2 
    Gib4   
 
    Gib4   
3 Kanamycin resistance cassette Gib5 pKD4 
 
7 Kanamycin resistance cassette Gib5a PCR 3 
    Gib6   
 
    Gib6   
4 lpd 3' Homologous region Gib7 E. coli gDNA 
 
8 lpd 3' Homologous region Gib7a PCR 4 
    Gib8   
 
    Gib8a   
Table 8: PCR reactions set up for construction of pNCEC3 by Gibson DNA assembly 
[A] PCR reactions yielding products which join adjacent DNA fragments with 20bpsequence overlap.   [B] PCR reactions 
yielding products which join adjacent DNA fragments with 40bp sequence overlap  
 
                                
Figure 54: Agarose Gel Electrophoresis of colony PCR products from the amplification of the four components of 
pNCEC3 assembled by Gibson DNA assembly.   
Lane 2 contains the lpd 5' flanking region (300bp); lane 3 contains lpd hybrid DNA (369bp); lane 4 contains kanaymycin 
resistance cassette (1.5Kb); lane 5 contains the lpd 3' flanking region (300bp).  Lane 1 contains 5µl DNA Geneladder 1Kb ladder 
(Fermentas) with markers of relevant molecular weight indicated. 
 
6.4.2 Insertion of hybrid PDH into the E. coli chromosome 
Chemically competent E. coli DL85 cells were transformed with pKD46, transformed cells were recovered 
and incubated overnight at 30°C to ensure retention of the temperature-sensitive plasmid.  
Electrocompetent cells of DL85[pKD46] were prepared and transformed with pNCEC3 as described in section 
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2.3.14.  The transformation mixture was plated onto LB agar plates containing kanamycin and incubated at 
37°C for 24 hours; the resulting colonies were screened for the insertion of the hybrid DNA into the 
chromosomal lpd by colony PCR (figure 55).  The resulting E. coli termed DL88 had a genotype ΔldhA ΔfrdBC 
ΔpflB and contained a hybrid E. coli/E. faecalis lpd gene.  
 
Figure 55: Agarose Gel Electrophoresis of PCR products from the amplification of the integrated DNA in lpd in DL88. 
Lane 2 contains the whole DNA fragment inserted into lpd (2.5Kb) amplified from DL88 using primers which anneal 
outside of the insertion; lane 3 contains the kanamycin resistance cassette (1.5Kb) amplified from DL88; lane 4 contains 
lpd before insertion of the hybrid DNA (1Kb) amplified from DL85 using primers which anneal outside of the insertion;  
lane 5 contains the PCR product from amplification of the kanamycin resistance cassette in DL85 used as a negative 
control.  Lane 1 contains 5µl DNA Geneladder 1Kb ladder (Fermentas) with markers of relevant molecular weight 
indicated. 
 
6.4.3 Characterisation of E. coli DL88  
Aerobic growth in both liquid media and on agar plates was impaired in DL88 in comparison to the growth of 
the parent strain.  On LB agar plates DL88 only formed minute colonies, and aerobic cultures reached an  
OD600 = 0.8 after incubation at 37°C for 24 hours.  DL88 was grown microaerobically in LB supplemented with 
1% glucose.  After 24 hours cultures had reached an OD600 = 0.5, which was only a fraction higher than ODs 
recorded from microaerobic cultures of DL85 (figure 50).  Only a small amount of ethanol, 0.01mg/mL, was 
detected in these microaerobic DL88 cultures. 
 
6.5 Discussion 
Initially work was carried out to assess whether the E. faecalis PDH could be functionally expressed in E. coli.  
Expression of the individual proteins in this operon was confirmed by visualising these proteins after  SDS-
PAGE electrophoresis and Western blotting (figures 46 and 47), and functionality of these proteins in E. coli 
was confirmed by a PDH enzyme assay (figure 48).  Only a low activity of the E. faecalis PDH was detected in 
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E. coli under anaerobic conditions – PDH activity detected in aerobic E. coli cultures being more than 10 
times greater than activity detected in E. coli expressing the E. faecalis PDH under anaerobiosis (figure 48).   
 
Expression of the E. facealis PDH restored fermentative growth in an E. coli ΔpflB mutant – DL85 (BW27783; 
Δldh, ΔfrdBC, ΔpflB).  This however was not the case in the strain of E.coli carrying an additional mutation in 
pta – DL84.  Pta (together with Ak) plays a central role in anaerobic energy metabolism by generating ATP 
through a ‘acetate overflow’ from acetyl-CoA producing acetate and ATP (figure 4).  This pathway is 
characterised by its low affinity (Km of 7-10mM) and high Vm, resulting in this pathway being able to 
dissimilate high concentrations of acetyl-CoA (Castaño-Cerezo et al., 2009).  pta was disrupted in order to 
redirect flux from acetyl-CoA to ethanol.  DL83 (BW27783; Δldh, ΔfrdBC, Δpta) yields higher ethanol titres 
than those found in its preceding strain DL82, which does not contain a mutation in pta, although also 
produces high concentrations of excess pyruvate (data not shown).  However, when coupled with an 
additional mutation in pflB, DL84[pNCEC2] was unble to undergo fermentative growth.  This has also been 
shown in G. thermoglucosdasis – in a Δldh, ΔpflB, ↑PDH mutant fermentative growth is eliminated with the 
addition of a further mutation in pta (D. Leak, personal communication).  In principle redox balance suggests 
expression of Pta should not be necessary for anaerobic growth in this strain, thus Pta may be required for 
other parts of metabolism.    In E. coli BW25113 a single chromosomal disruption in pta affected the 
expression of several genes related to central metabolism, and PDH activity was found to be lower than 
activity exhibited by the parent strain (Castaño-Cerezo et al., 2009).    
 
Growth and ethanol production in DL85[pNCEC2] was compared with that of strain SE2378.  SE2378 contains 
disruptions in ldhA and pflB, and a mutation in PDH which results in reduced  sensitivity to NADH feedback 
inhibition in Lpd and so is able to grow anaerobically (Kim et al., 2007; reviewed in 6.3.1); thus, it  was a good 
comparison for  an E. coli producing ethanol by flux through PDH rather than Pfl.  Growth achieved in 
anaerobic cultures of DL85[pNCEC2] after 24 hours was one third of that seen in cultures of SE2378, whereas 
ethanol detected in microaerobic cultures of DL85[pNCEC2] was only just shy of that detected in SE2378.  
This shows that expression of a Gram-positive PDH to direct flux towards ethanol in a Pfl-ve mutant of E. coli 
has the potential to produce high titres of ethanol. 
 
The pyridine nucleotide-disulphide oxidoreductase dimerisation domain in Lpd of E. coli DL85 was replaced 
with a codon-optimised corresponding sequence from E. faecalis.  This was done in an attempt to mimic the 
effects found when expressing the whole E. faecalis PDH operon in E. coli DL85, as this domain contains the 
mutation which results in less negative-feedback inhibition by NADH in SE2378.  This chromosomal 
replacement into Lpd in DL85 (yielding strain DL88) was detrimental to aerobic growth.  Kim et al. (2008) 
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reported that the growth rate of SE2378 was 50% reduced in comparison to its parent strain in glucose-
minimal media; however this effect was not seen in a rich media such as LB.  Under microaerobic conditions 
growth was marginally increased in comparison to its parent strain, DL86, which is unable to grow fully 
anaerobically, however ethanol detected in the culture supernatants was very low, at 0.01mg/mL.       
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7 Butanol production from E. coli 
7.1 Introduction 
As discussed in section 1.6.1, butanol production from solventogenic clostridia is difficult to control.  Their 
complex regulatory systems have hindered attempts to optimise butanol production via metabolic 
engineering.  Also the tendency to lose the pSOL megaplasmid (resulting in the inability to carry out 
solventogenesis) after repeated vegetative transfers or continuous culture, spore-forming lifestyle and 
relatively slow growth rate create problems in industrial scale fermentations (Cornillot et al., 1997; Atsumi et 
al., 2008a).  As a consequence there have been moves to produce butanol from a more ‘user friendly’ host, 
such as E. coli.  E. coli is a facultative anaerobe but does not produce butanol as a fermentation product, so a 
synthetic butanol synthesis pathway needs to be introduced to this microorganism.   
 
Inui et al. (2007) introduced genes amplified from C. acetobutylicum ATCC 824 encoding the butanol 
synthetic pathway into E. coli.  A plasmid containing thl, the BCS operon (hbd, crt, bcd-etfB-etfA) and adhE2 
under the control of the tac promoter was introduced into E. coli and the encoded enzymes thiolase (Thl), 3-
hydroxybutyryl-CoA dehydrogenase (Hbd), crotonase (Crt), butyryl-CoA dehydrogenase (Bcd), electron 
transfer flavoproteins A and B (EtfAB), and , aldehyde/alcohol dehydrogenase (AdhE2) were found to be 
functionally expressed.   This recombinant E. coli strain was found to produce 1.2 g/l butanol.  It was also 
reported that when the alcohol dehydrogenase gene adhE2 was substituted with adhE also from C. 
acetobutylicum ATCC 824 titres of butanol achieved decreased by 4-fold (Inui et al., 2007).   
 
Atsumi et al. (2008a) incorporated plasmids containing the same genes as used by Inui et al. (2007) under the 
control of a Lac (PLlacO1) promoter into E. coli; however the acetyl-CoA acetyltransferase from E. coli coded 
by atoB was used as a replacement for thl.  Under anaerobic conditions, this strain produced 139 mg/l 
butanol.  Chromosomal deletions were made to the host E. coli strain in order to eliminate competing 
fermentation pathways.  A ΔadhE, ΔldhA, and ΔfrdBC mutant was reported to produce 373 mg/l butanol, 
which could further be increased to 552 mg/l when the strain was grown in TB complex media supplemented 
with glycerol.  Mutants incorporating ΔpflB were unable to grow anaerobically, due to an imbalance in NADH 
created by knocking-out native fermentation pathways (Atsumi et al., 2008a). 
 
The low butanol yields reported by Atsumi (2008a) may be attributed to the low efficiency of multigene 
expression (Zheng et al., 2009).  Nielsen et al. (2009) explored this possibility by comparing the polycistronic 
expression of butanol synthetic genes in E. coli with the simultaneous individual expression of each gene 
under a promoter and ribosome binding site.  They achieved titres of 200 mg/l butanol, which was 
approximately a 5-fold increase over titres achieved by a control strain where genes were co-expressed 
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under one promoter.  Interestingly, in contradiction to reports from Inui et al. (2007) and Atsumi et al. 
(2008a) using either adhE or adhE2, or replacing C. acetobutylicum thl with E. coli atoB made little difference 
to the butanol titres achieved (Nielsen et al., 2009).  To further improve butanol production Nielsen et al. 
(2009) introduced formate dehydrogenase (fdh1) from Sacchromyces cerevisiae to their butanologenic E. coli 
strain.  As previously discussed the butanol biosynthetic pathway requires four moles of NADH which are 
oxidised to NAD+, so the amount of NADH available in the cell may become a bottleneck in increasing butanol 
titres.  Fdh1 catalyses the conversion of formate to CO2, while synthesising one mole of NADH, so 
overexpression of this enzyme results in increased levels of available NADH in the cell.  Upon expression of 
Fdh1, butanol titres increased to 400 mg/l, which was further increased to 520 mg/l upon the addition of 1g/l 
formate supplemented into the media.  Overexpression of glyceraldehyde 3-phosphate dehydrogenase 
(gapA) which mediates the conversion of glyceraldehyde 3-phosphate to 1,3-diphosphoglycerate promoted 
higher rates of flux through the glycolytic pathway  leading to an increase in butanol production with a 
maximum titre of 580 mg/l (Nielsen et al., 2009). 
 
Atsumi et al. (2008a) also attempted to increase PDH activity in a ∆frdBC, ∆ldhA, ∆ackA, ∆pflB, Δpta strain of 
E. coli engineered for production of butanol by knocking-out the anaerobic regulator fnr.  However in using 
this approach, the ability to grow anaerobically which was lost when pflB was chromosomally deleted could 
not be restored.  To date, creation of a butanologenic E. coli strain exhibiting high activity of PDH under 
anaerobic conditions has not been reported.  
 
7.1.1 Alternative enzymes which may be used to synthesise butanol 
As shown in figure 5 solventogenic Clostridia possess a metabolic pathway which converts acetyl-CoA to 1-
butanol via a series of intermediary reactions.  In Inui et al. (2007) and Atsumi et al. (2008a) genes from C. 
acetobutylicum which code for all the reactions in this pathway were cloned into E .coli, resulting in strains of 
E. coli able to produce butanol via fermentation.  Although only solventogenic Clostridia naturally utilise 
these enzymes for production of butanol, other bacteria also use these enzymes for other metabolic 
processes.  Therefore, there is potential to utilise enzymes from other sources for the production of butanol 
from E. coli.  For example, as previously discussed, Atsumi et al. (2008a) reported that when using the native 
acetyl-CoA acetyltransferase to catalyse the conversion of acetyl-CoA to acetoacetyl-CoA rather than thiolase 
from C. acetobutylicum, increased levels of butanol were found.  This may have been due to problems in 
expression of heterologous genes. However, using native enzymes rather than foreign ones may not always 
be beneficial due to their involvement in existing host processes and host control mechanisms such as 
repression and feedback inhibition.   
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Steen et al. (2008) used Saccharomyces cerevisiae as a host for butanol production.  Rather than expressing 
clostridial enzymes alone, isozymes from S. cerevisiae, E. coli, Ralstonia eutropha, and C. beijerinckii were 
evaluated as candidates for engineering a butanol biosynthetic pathway in S. cerevisiae.  The most 
productive strain harboured the butanol biosynthetic genes from C. beijerinckii, but with the native thiolase 
ERG10 being used instead of the clostridial version, and Bcd, EtfAB being replaced by Ccr, a butyryl-CoA 
dehydrogenase from Streptomyces collinus.  This strain produced a maximum of 2.5 mg/l of butanol (Steen et 
al., 2008). 
 
7.1.2 Polyhydroxyalkanoate Biosynthesis enzymes 
Poly(3-hydroxyalkanoates) (PHAs) are macromolecules synthesised by many bacteria which act as 
intracellular storage material for carbon and reducing equivalents when nutrient supplies within the cell are 
imbalanced (Madison and Huisman, 1999).  PHAs are of commercial interest as they exhibit material 
properties similar to plastics such as polypropylene (Madison and Huisman, 1999). 
 
The most characterised member of the PHAs is Poly(3-hydroxbutyrate) (P(3HB)) which numerous bacteria are 
known to synthesise (Wang and Lee, 1997).  P(3HB) genes from Ralstonia eutropha and Azohydomonas lata 
(formally classified as Alcaligenes latus) expressed in E. coli have resulted in high yields of P(3HB) in fed-batch 
fermentations, with P(3HB) cell dry weight contents of 77% and 73%; and productivity at 3.2 and 4.63 g/l per 
hour respectively (Wang and Lee, 1997; Choi et al; 1998).  The P(3HB) biosynthetic pathway (figure 56) in 
these organisms consists of three enzymes: β-ketoacyl-CoA thiolase, which catalyses the conversion of 
acetyl-CoA to acetoacetyl-CoA; acetoacetyl-CoA reductase, which is a (R)-3-hydroxyacyl-CoA dehydrogenase 
that converts acetoacetyl-CoA to 3-hydroxybutyryl-CoA; and a P(3HB) polymerase, which catalyses the 
conversion of 3-hydroxybutyryl-CoA to P(3HB) (Madison and Huisman, 1999).  Therefore, genes encoding for 
β-ketoacyl-CoA thiolase and acetoacetyl-CoA reductase from Ralstonia eutropha and Azohydomonas lata 
expressed in E. coli should yield high levels of 3-hydroxybutyryl-CoA, the precursor for crotonyl-CoA. 
 
 
Figure 56: Biosynthetic pathway for P(3HB). 
P(3HB) is synthesized by the successive action of β-ketoacyl-CoA thiolase (phaA), acetoacetyl-CoA reductase (phaB) and 
PHA polymerase (phaC) in a three-step pathway. The genes of the phaCAB operon encode the three enzymes (Madison 
and Huisman, 1999). 
 
Acetyl-CoA Acetoacetyl-CoA (R)-3-hydroxybutyryl-CoA  P(3HB)  
 
CoA-SH NADPH + H+ NADP+ 
β-ketothiolase PHA Synthase 
Polymerase 
Acetoacetyl-CoA Reductase 
phaA phaB phaC 
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There is a known bottleneck in P(3HB) synthesis in E. coli, which needs to be overcome when utilising these 
enzymes for butanol production.  As shown in figure 56 the acetoacetyl-CoA reductase encoded by phaB 
requires NADPH to provide reducing equivalents for the conversion of acetoacetyl-CoA to 3-hydroxybutyryl-
CoA, rather than NADH.  Therefore, a limiting factor in using these enzymes would be availability of NADPH 
in the cell.  Sanchez et al. (2006) overcame this problem by co-expressing phaCAB from Alcaligenes 
eutrophus H16 with E. coli udhA; which encodes a soluble pyridine nucleotide transhydrogenase (UdhA).  
When overexpressed UdhA catalyses the transfer of electrons between NADH and NADPH to restore and 
maintain redox balance within the cell (Canonaco et al., 2001).  By increasing available NADPH via UdhA, 
P(3HB) production increased from 49 to 66% g of PHA per gram of total cell dry weight and an increase in 
final concentration from 3.52 to 6.42 g/L; the PHA concentration of the udhA carrying strain being almost 
twice that of the control strain expressing only the Pha operon (Sanchez et al., 2006).   
 
7.1.3 Crotonyl-CoA Reductase Alternatives 
Atsumi et al. (2008a) expressed ccr from Streptomyces coelicolor in their butanologenic E. coli strain, which 
encodes a crotonyl-CoA reductase catalysing the conversion of crotonyl-CoA to butyryl-CoA. However, it was 
reported that in using ccr the quantity of butanol synthesised from E. coli was much lower than when bcd 
and etfAB from C. acetobutylicum were expressed.  This may be been the due to differences in codon usage 
between E. coli and Streptomyces coelicolor.  In Streptomyces coelicolor the ‘wobble’ position in each codon 
is a G or a C, resulting in an overall genomic GC content of 71%, which differs greatly from that of E. coli 
(Gustafsson et al., 2004).  Overexpression of ccr from Streptomyces coelicolor may create stress by depleting 
available amino acids in the host as E. coli and Streptomyces coelicolor have such widely differing codon 
usage. 
 
The enzyme crotonyl-CoA reductase has also been reported in a variety of other bacteria, such as 
Xanthobacter autotrophicus and Burkholderia ambifaria.  However the majority of species which use 
crotonyl-CoA reductase also have high genomic GC content.  The only species which uses crotonyl-CoA 
reductase and has a GC content of less than 60% (59.27%) is Pseudomonas syringae pv. Tomato str.DC3000 
which ha a similar GC content to that of E. coli K-12 (52.35%) (http://www.kazusa.or.jp/codon/).  Ps. syringae 
possess a crotonyl-CoA reductase, as it requires butyryl-CoA for the biosynthesis of coronafacic acid 
(Rangaswamy et al., 1998).  The gene cfa8 encoding crotonyl-CoA reductase in Ps. syringae pv. Tomato 
str.DC3000 was therefore chosen for use in butanol production in E. coli without the need for codon 
optimisation.   
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7.1.4 Proposed pathway for butanol production in E. coli 
The genes specified in figure 57 were expressed in E. coli to create a synthetic pathway for the production of 
butanol.  
                              
 
Figure 57: Outline strategy for construction of a butanol synthetic pathway in E. coli. 
The gene used for the expression of the required enzyme to catalyse each reaction, and the origin of that gene is 
labelled next to each reaction. 
 
The assembly strategy involved all genes being expressed from the arabinose-induced promoter PBAD which is 
present on the vector pBADmyc/His (Invitrogen), along with the regulator of this promoter araC which is 
responsible for the tight regulation of transcription from this promoter (Guzman et al., 1995).  E. coli 
BW27783 contains a mutation in araE, encoding the arabinose transporter, which renders this transporter 
constitutively active.  Expression of PBAD in BW27783 yields bacterial cells which are uniformally induced 
across the population over a range of arabinose concentrations, and a level of gene expression within 
individual cells which can be titrated with arabinose concentration used to induce the culture (Khlebnikov et 
al., 2000).  Thus, expression of the genes encoding the butanol synthesis pathway could be fine-tuned to 
achieve the highest possible butanol titre. 
 
β-Hydroxybutyryl-CoA 
Carbon Source 
Acetyl-CoA 
Acetoacetyl-CoA 
Crotonyl-CoA 
Butyryl-CoA 
Butyraldehyde 
Butanol 
         crt  Clostridium  acetobutylicum   
phaA  Azohydomonas lata / Ralstonia eutropha 
         phaB  Azohydomonas lata / Ralstonia eutropha 
         cfa8  Pseudomonas syringae pv. Tomato str.DC3000   
adhE2  Clostridium acetobutylicum  (pSOL megaplasmid) 
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It has already been shown by Inui et al. (2007) and Atsumi et al. (2008a) that butanol can be synthesised by E. 
coli after introducing genes which code for the synthesis of butanol from Clostridium acetobutylicum, and 
that production of butanol may be optimised by deleting competing fermentation pathways.  The loss of the 
PFL pathway however results in the loss of E. coli’s ability to grow anaerobically, so in ΔpflB mutants PDH 
activity is required under anaerobic conditions.   
 
7.2 Construction of vectors expressing the butanol synthesis pathway 
7.2.1 Crotonyl-CoA reductase and β-hydroxybutyryl-CoA dehydratase 
The operon comprising crt and bcd-etfB-etfA was amplified by High-fidelity PCR using primers CrtF and EtfAR 
containing NcoI and XbaI sites respectively, using pTOPObut as template DNA.  The crt, bcd-etfBA PCR 
product was cloned into pBADmyc/His B by ligation into NcoI and XbaI sites; transformants were selected on 
LB agar plates containing ampicillin with positive clones confirmed using colony PCR using primers CrtF and 
CrtR for amplification of the crt gene (Figure 58).  The resulting construct was designated pNCEC4.   
 
 
Figure 58:  Agarose Gel Electrophoresis of PCR products from the amplification of crt from pNCEC4. 
Lanes 2 and 3 contain PCR product amplified from pNCEC4 corresponding with the size of crt (786 bp).  Lane 1 contains 
5µl DNA Hyperladder I (Bioline) with markers of relevant molecular weight indicated. 
 
The gene cfa8 was amplified from Pseudomonas syringae pv. Tomato str.DC3000 genomic DNA by High-
fidelity PCR using the primers Cfa8F and Cfa8R, containing XhoI and KpnI sites respectively.  crt was amplified 
from pTOPObut using the primers CrtF and CrtR, containing NcoI and XhoI sites respectively.  The primer CrtR 
also contained a Shine-Dalgarno sequence for ribosomal binding so cfa8 and crt may be co-transcribed as an 
artificial operon by the same promoter.  crt and cfa8 PCR products were sequentially cloned into 
pBADmyc/HisB by ligation into the appropriate restriction site and transformants were selected on LB agar 
plates containing ampicillin, with positive clones confirmed using restriction digest analysis (Figure 59).  The 
ensuing construct was designated pNCEC5.   
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Figure 59:  Agarose Gel Electrophoresis of pNCEC5 digested with XhoI and KpnI. 
Gel contrast has been inverted for better visualisation of crt excised from pNCEC5.  Lane 2 contains pNCEC5,  the upper 
band corresponds to the size of pBADmyc/His + cfa8 (5.3 Kb) and lower to crt (786 bp).  Lane 1 contains 5µl DNA 
Hyperladder I (Bioline) with markers of relevant molecular weight indicated. 
 
 
7.2.2 Bi-functional alcohol dehydrogenase and PHB biosynthesis genes 
phaAB was amplified from Azohydromonas lata and Ralstonia eutropha genomic DNA using the primer sets 
PhaAF/PhaAR and PhaRF/PhaRR respectively; this PCR required the addition of 3µl DMSO and a raised 
annealing temperature of 68°C in order to obtain a PCR product of the correct size (2Kb).  Forward primers 
contained an XhoI site; reverse primers a Shine-Dalgarno sequence and HindIII site.  As phaAB was to be 
cloned into XhoI and not NcoI the phaAB was not amplified from the start codon; instead the 5’ region 
upstream of phaA was also amplified in order to retain the gene’s native ribosomal binding site.  The gene 
adhE2 was amplified from the plasmid pSOL (from Clostridium acetobutylicum) by PCR with the primers 
AdhEF and AdhER, containing HindIII and XbaI sites respectively. PCR products were sequentially cloned into 
pBADmyc/HisB by ligation into the appropriate restriction site and transformants were selected on LB agar 
plates containing ampicillin with positive clones confirmed using restriction digest analysis (figure 60).  The 
resulting constructs were designated pNCEC6 and pNCEC8 containing adhE2 plus phaAB from Azohydomonas 
lata and Ralstonia eutropha respectively. 
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Figure 60:  Agarose Gel Electrophoresis of pNCEC6 and pNCEC8 digested with HindIII and XbaI. 
Lanes 2 and 3 contain pNCEC6 and pNCEC8 respectively.  The upper band corresponds to the size of pBADmyc/His + 
phaAB (6.4 Kb) and lower to adhE2 (3Kb).  Lane 1 contains 5µl DNA Hyperladder I (Bioline) with markers of relevant 
molecular weight indicated. 
 
To select for the PhaAB exhibiting the highest β-ketoacyl-CoA thiolase and acetoacetyl-CoA reductase activity 
pNCEC6 and pNCEC8 were seperately used to transform chemically-competent E. coli BW27783 cells.  
Overnight cultures of BW27783[pNCEC6] and BW27783[pNCEC8] in LB were sub-cultured (2 × 100ml in 
500ml conical flasks) in LB and incubated aerobically at 37°C (250rpm). Protein expression from pNCEC6 and 
pNCEC8 was induced with 0.2% arabinose once the growth of these cultures had reached OD600 = 0.5, after 
which cultures were incubated for a further 16 hours.  Clarified cell extracts from each of these cultures were 
prepared as described in section 2.4.2 in 100mM potassium phosphate buffer (pH 5.5) containing cOmplete 
Mini, EDTA free protease inhibitor cocktail.  β-Ketoacyl-CoA thiolase and acetoacetyl-CoA reductase activities  
were assayed as described in section 2.4.6, with the total protein in each cell extract quantified as described 
in section 2.4.3. 
 
Figure 61:  β-Ketoacyl-CoA thiolase and acetoacetyl-CoA reductase enzyme detected in cultures of  
BW27783[pNCEC6] and BW27783[pNCEC8].                                                                                                                                        
All cultures were grown in LB under aerobic conditions. 
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Higher β-ketoacyl-CoA thiolase activity was detected in E. coli cultures containing pNCEC8 (figure 61), which 
expresses phaAB from Ralstonia eutropha.  As a result this phaAB was selected for expression in E. coli for 
use in butanol production. 
 
In order to maintain pNCEC4/5 and pNCEC8 together in the same cell the origin of replication and antibiotic 
resistance marker needed to be altered on one of these plasmids.  pBADmyc/His has a pBR322 origin of 
replication which is fully compatible with p15A-based vectors (Castanié et al., 1997).  pACYC184 has a p15A 
origin of replication and confers resistance to tetracycline and chloramphenicol.  The plasmid has an XbaI site 
at position 4125 located between ori and tet.  Primers RepF and RepR were used to amplify ori and the 
chloramphenicol resistance marker from pACYC184, with the reverse primer being located after the native 
XbaI site so as to incorporate this site into the amplified DNA. The forward primer contained an ApaLI site.  
 
                           
pBAD/myc-His contains three ApaLI sites positioned so that when digested with an ApaLI restriction enzyme 
the ampicillin resistance marker and pBR322 origin of replication would be excised from the vector.  In order 
to substitute the pBAD backbone of pNCEC8 for that of pACYC184, the pACYC184 PCR product and pNCEC8 
were digested with XbaI and ApaLI and subsequently combined in a ligation reaction (figure 62).  
Transformants were selected on LB agar plates containing chloramphenicol, the resulting plasmid being 
designated pNCEC9.   
                                          
Figure 62:  Agarose gel electrophoresis of DNA products from restriction digestion of the pACYC184 PCR product and 
pNCEC8 with XbaI and ApaLI.  
Lane 2 contains digested pNCEC8, the top band corresponds to the PBAD promoter, phaAB, adhE2, and araC (6.5Kb); 
Lane 4 contains the digested pACYC184 PCR product (2Kb).  Lane 1 contains 5µl DNA Geneladder 1Kb ladder 
(Fermentas); lane 3 contains 5µl DNA Hyperladder I (Bioline), with markers of relevant molecular weight indicated. 
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7.3 Butanol production from E. coli expressing pNCEC4/5 and pNCEC9 
pNCEC4/5 and 9 were used to transform DL82 (BW27783; ΔldhA, ΔfrdBC) and SE2378 (BW25113; ΔldhA, Δpfl  
and colonies containing both plasmids selected on LB agar plates containing ampicillin and chloramphenicol.  
Overnight cultures of DL82[pNCEC4/9] and DL82[pNCEC5/9], and SE2378[pNCEC4/9] and SE2378[pNCEC5/9], 
were used to inoculate 12ml M9 media supplemented with 1.5% glucose and incubated aerobically at 37°C 
(250rpm) to an OD600 = 0.6.  Cultures were induced with 0.2% w/v arabinose, transferred to a Hungate tube 
and incubated under microaerobic conditions for a further 24 hours.  Culture supernatants were analysed by 
HPLC, however no butanol was detected in either culture.  It was observed, however, that elevated 
concentrations of ethanol were present in both cultures in comparison to a non-induced negative control 
(figure 63).  AdhE2 is not specific for conversion of butyryl-CoA to butanol, but will also convert acetyl-CoA to 
ethanol, thus these findings indicate that AdhE2 is being functionally expressed in these strains.  β-ketoacyl-
CoA thiolase and acetoacetyl-CoA reductase activities were assayed in pNCEC9 as before, and it was found 
that acetoacetyl-CoA reductase activity had been lost in the plasmid (figure 64). 
 
 
Figure 63: Concentration of ethanol detected in the supernatant of anaerobic cultures of DL82[pNCEC5/9] in M9 
media supplemented  with 1.5% glucose.                                                                                                                                     
0.2% arabinose was used to induce protein expression from pNCEC5/9.  Supernatants were analysed by HPLC, and 
ethanol concentrations in each culture determined using the appropriate standards. 
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Figure 64:  β-Ketoacyl-CoA thiolase and acetoacetyl-CoA reductase enzyme activities expressed in  BW27783[pNCEC8] 
and BW27783[pNCEC9].                                   
All cultures were grown in LB under aerobic conditions. 
 
 
A reduction in β-ketoacyl-CoA thiolase activity was expected upon converting the backbone of this plasmid as 
the p15 origin of replication in pNCEC9 is low copy number.  However upon alteration of the plasmid 
backbone acetoreductase activity had been eliminated (figure 64).  DNA sequencing revealed that part the 
phaB gene was missing from pNCEC9.  The phaAB nucleotide sequence is littered with tandem repeats, 
which is why an elevated annealing temperature and inclusion of DMSO was required for the PCR of this 
operon (at a standard annealing temperature and no supplementation with DMSO primers annealed to the 
multiple, wrong locations on the DNA template yielding multiple PCR products of an incorrect size), thus a 
unwanted recombination event may have taken place in pNCEC9 resulting in part of phaB to be lost. 
 
7.3.1 Reconstructing pNCEC9 
pNCEC8 and pACYC184  were fused using an alternative method.  The PBAD promoter, phaAB, adhE2 and the 
terminator sequence were amplified by high-fidelity PCR using primers Gib13/14 using pNCEC8 as template 
DNA (this PCR required the addition of 3µl DMSO and a raised annealing temperature of 68°C). The 
chloramphenicol resistance marker and origin of replication were amplified using primers Gib15/16 from 
pACYC184.  Gib13 contained 20bp sequence overlap to the 3’ end of the pACYC184 PCR product and Gib15 
contained 20bp sequence overlap to the 3’ end of the pNCEC8 PCR product.  Gibson DNA assembly was used 
to fuse the two PCR products; 2µl of the final 20µl assembly mixture used to transform chemically competent 
DH5α cells and incubated on LB agar containing chloramphenicol.  Plasmid DNA was extracted from the 
resulting colonies, and used as a template in PCR (using primer set Gib13/14) to confirm the presence of PBAD, 
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phaAB, adhE2, and terminator sequence (this PCR required the addition of 3µl DMSO and a raised annealing 
temperature of 68°C) (figure 65).  This plasmid is subsequently referred to as pNCEC10.   
 
 
Figure 65:  Agarose Gel Electrophoresis of PCR products from the amplification of PBAD, phaAB, adhE2, and 
terminator sequence from pNCEC10. 
Lanes 2 - 5 contain PCR reaction products from cm
R
 colonies which do not contain the correctly ligated plasmid; lane 6 
contains DNA amplified from pNCEC10 corresponding with the size of the inserted region originally amplified from 
pNCEC8 (6Kb).  Lane 1 contains 5µl DNA Geneladder 1Kb ladder (Fermentas) with markers of relevant molecular weight 
indicated. 
 
7.3.2 Butanol production from E. coli expressing pNCEC4/5 and pNCEC10 
pNCEC4/5 and pNCEC10 were used to transform chemically competent DL82 and SE2378 and colonies 
containing both plasmids selected for on LB agar plates containing amplicillin and chromaphenicol.  
Microaerobic cultures of these bacterial strains were prepared and protein expression induced as previously 
described (see section 7.4), however TB, a rich media, which was supplemented with 1.5% glucose was used 
as the growth media.  Culture supernatants were analysed by GC-MS.  No butanol was detected in cultures 
containing pNCEC5, however butanol had been produced by cultures containing pNCEC4 and pNCEC10 
(figure 66). 
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Figure 66: Concentrations of butanol detected in the supernatant of microaerobic cultures ofSE2378[pNCEC4/10 and 
DL82[pNCEC4/10] in TB supplemented with 1.5% glucose. 
Supernatants were analysed by GC-MS, and concentrations of each product were determined using the appropriate 
standards. 
 
 
PBAD is regulated by the arabinose-binding protein AraC.  This protein acts as both an activator and repressor 
– in the absence of arabinose this protein forms a dimer to bind at two sites upstream of the transcriptional 
start site of the araBAD operon so intervening DNA is looped and access to the promoter by RNA polymerase 
is blocked.  However upon introduction of arabinose the sugar molecule binds to this complex, resulting in an 
conformational change in AraC which then binds to araI1 and araI2 which activates transcription (Müller et al., 
2008).  Transcription from PBAD also requires the cyclic AMP (cAMP) repressor protein (Hahn et al., 1984).  
This binds to a region upstream of araI, thus opening the DNA loop so ranscription may be initiated from PBAD 
and AraC (Choudhary, 2008).  Intracelluar cAMP levels are low when E. coli utilises glucose as a carbon source 
as adenylyl cyclase, which is responsible for cAMP synthesis, is inhibited as a side effect of glucose transport 
into the cell.  Consequently, expression from PBAD is inhibited by glucose.  This mechanism is advantageous to 
a wild-type E. coli, as it prevents the utiliisation of arabinose of when there is glucose available to use as a 
carbon source, however this effect is detrimental to protein expression from pNCEC5 and pNCEC10 as 
glucose was used in the growth media.         
 
Indole-3-acetic (IAA) is a ubiquitous molecule which performs a regulatory role in many living organisms 
(Bianco et al., 2006).  It has been found that in E. coli K-12 the addition of IAA (and other derivates of indole) 
into the growth media can circumvent cAMP requirement for expression from PBAD (Kline et al., 1979).  It has 
been reported that during IAA-dependant transcription from PBAD the cAMP repressor protein is no longer 
required (Ebright et al., 1985).  To asses whether IAA could increase butanol titres in microaerobic cultures 
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of DL82[pNCEC4/10] and SE2378[pNCEC4/10] IAA was used to supplement the growth media.  Microaerobic 
cultures of these bacterial strains were prepared and protein expression induced as previously described (see 
section 7.4).  Culture supernatants were analysed by GC-MS.  No butanol was detected in DL82, however 
butanol had beed produced by SE2378 cultures, and butanol titres were found to have increased with the 
addition of IAA albeit only slightly  (figure 67). 
   
 
Figure 67:  Concentrations of butanol detected in the supernatant of microaerobic cultures ofSE2378[pNCEC4/9] in 
M9 minimal media supplemented with 1% glucose and various concentrations of indole-3-acetic (IAA). 
Supernatants were analysed by GC-MS, and concentrations of each product were determined using the appropriate 
standards. 
 
 
The column used for the GC-MS analysis was a HP-5MS column, which is a non-polar column, composed of 
(5%-Phenyl)-methylpolysiloxane, which is typically used to separate non-polar species.  Alcohols such as 
butanol are polar compounds, and are therefore best analysed using polar GC columns in order to achieve 
good separation.  GC-MS analysis using a HP-5MS column for butanol was carried out as specified by Bond-
Watts et al. (2011), who extracted butanol from culture supernatants using tolulene, with isobutanol used as 
an internal standard.  However, due to the non-polar nature of this column it was difficult to distinguish 
between butanol and the isobutanol standard.  Thus, the results given in figures 66 and 67 were from 
samples not containing an internal standard so have not been normalised for variations in extraction. 
 
In order to quantify butanol in culture supernatants to a higher level of accuracy GC-FID with a boiling point 
column was used.  Microaerobic cultures were prepared as previously described (see section 7.3).  All 
cultures were grown and induced in TB media supplemented with 1.5% glucose and 0, 0.5 or 2mM IAA.  
However, using this form of GC it was found that butanol was only detectable at levels which were ≥ 20mg/L.  
Peaks which may be butanol did appear in analysis of supernatants from SE2378[pNCEC4/10] cultures, and 
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the fact that butanol could only be detected in SE2378 cultures to corroborate with results found with GC-
MS,  as this is on the detection limit it could not be said with with certainity that these were butanol peaks.  
 
 
 
7.4 Discussion  
 
No butanol was detected in cultures which expressed Pseudomonas syringae cfa8 as a butyryl-CoA 
dehydrogenase in the butanol synthesis pathway.  Nielsen et al. (2009) expressed the genes encoding the 
butanol synthetic pathway in Pseudomonas putida, a bacterium which also contains a native butyryl-CoA 
dehydrogenase.  A butanogenic P. putida strain was successfully engineered; however upon removal of the 
Clostridia bcd-etfAB butanol synthesis was abolished (Nielsen et al. 2009; reviewed in section 5.1), therefore 
it may be concluded that the native enzyme does not exhibit enough activity to drive this reaction in the 
butanol synthesis pathway.  The same may the case with the P. syringae butyryl-CoA dehydrogenase. 
 
Small amounts of butanol were found when coupling expression of the C. acetobutylicum butanol synthesis 
genes with genes for production of PHB from R. eutropha.  Unfortunately, as only small amounts were 
produced it was not possible to accurately quantify the butanol present in each culture using the resources 
which were available.  Nonetheless, these results do show that butnaol can be produced by coupling the 
expression of genes from different micro-organisms, and more importantly, that butanol production was 
higher in a E. coli strain with an anaerobically active PDH (SE2378) than in a strain with gene-knockouts alone 
(DL82).   
 
Since undertaking this work Bond-Watts et al. (2011) have published a similar approach to produce and 
improve butanol production from E. coli.  This group used two plasmids to express phaA and phaB from 
Ralstonia eutrophus from the PBAD promoter; crt, and ccr from Streptomyces collinus and adhE2 were 
expressed as an artificial operon from the T7lac promoter.  Initial butanol titres achieved were 3 mg L-1 
however this was increased 30-fold to 95 mg L-1 by titrating different levels of promoter strength.  It was 
observed that the bottleneck in this pathway was being created due to limitations in flux through Ccr, hence 
ccr was substituted for codon-optimised ter from Treponema denitcola which resulted in a 3.5-fold increase 
in butanol titres (Bond-Watts et al., 2011).  This flavin-independent enoyl-CoA reductase increased butanol 
production as the Ter pathway is irreversible, thus driving flux through to butanol (Shen et al., 2011).  
Butanol production was subsequently improved removing a bottleneck through 3-hydroxybutyryl-CoA 
dehydrogenase.  There is a stereochemical difference between the PhaB product ((R)-3-hydroxybutyryl-CoA) 
and Crt substrate ((S)-3-hydroxybutyryl-CoA).  However, when expressing Hbd, which produces (S)-3-
  
141 
 
hydroxybutyryl-CoA, there wass no difference in butanol titres compared to strains expressing PhaB, 
although upon expression of Ter this did become a bottleneck.  When PhaB was coupled with expression of 
PhaJ from Aeromonas caviae, which is a 3-hydroxybutyryl-CoA dehydrogenase which uses the (R)-3-
hydroxybutyryl-CoA substrate, or Hbd was coupled with Crt, butanol production was further improved.  
Butanol titres were finally improved to 4.65 g/L by overexpressing PDH from a third plasmid (Bond-Watts et 
al., 2011).    This is an interesting finding as this, together with results reported in section 6.3, contradicts 
evidence from Kim et al. (2008) that regulation of PDH in aerobic versus anaerobic conditions is purely a 
result of a high intracellular [NADH]/[NAD+] ratios under anaerobic conditions, as if negative feedback 
inhibition was being alleviated by the additional NADH being utilised by the butanol synthesis pathway you 
would expect to see an increase in native PDH activity.  However, it may also possible that this new synthetic 
pathway succeeds in keeping the NADH/NAD+ at a lower level, thus increasing flux through PDH. 
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8 General Discussion and Future Work 
In this work it has been successfully demonstrated that pyruvate dehydrogenase (PDH) may be utilised to 
produce, and increase titres of the biofuels ethanol and butanol in three different bacterial species.  Initial 
metabolic engineering was carried out in Geobacillus thermodenitrificans.  This organism was selected as it 
uses PDH under both aerobic and anaerobic conditions, and does not express a competent ethanol 
producing pathway.  This scenario was ideal to be used as a ‘proof of principle’ as to whether PDH may be 
utilised to produce biofuels such as ethanol.  Metabolic engineering was then performed in B. subtilis, an 
organism which again, uses its native PDH for growth under both aerobic and anaerobic conditions; to 
improve flux through PDH towards ethanol production.  The principle that Gram-positive PDH’s tend to be 
less effected by negative feedback inhibition was then extended to work in the Gram-negtive bacterium E. 
coli, to again, improve flux through PDH under anaerobic conditions in which this enzyme would not 
ordinarily be active in E. coli, towards biofuel production. 
 
 An ethanogenic strain of G. thermodenitrifcans was created by expressing a bi-functional alcohol 
dehydrogenase (adhE) from G. thermoglucosidasius DL33 in G. thermodenitrifcans K1041, yielding strain 
DL80.  Interestingly, by expressing AdhE, thereby introducing a competent fermentation pathway to G. 
thermodenitrifcans, DL80 was able to grow anaerobically (albeit poorly) in the absence of nitrate as an 
alternative electron acceptor - a trait which is not seen in the parent strain, K1041.  The highest ethanol 
yields were found when the growth medium was supplemented with a small amount of nitrate (10mM 
obtained the highest yield) as at higher concentrations nitrate would be used preferentially as a terminal 
electron acceptor over the fermentation pathway.  Ethanol titres were further increased by deleting the 
lactate dehydrogenase pathway (strain DL81), so that flux from acetyl-CoA would be redirected to ethanol.  
The ethanol titre achieved with supplementation of 10mM nitrate averaged at 0.86mM/mM glucose 
consumed; however there was a large standard deviation in concentrations detected and in growth between 
replicates in Hungate tubes.  The use of a chemostat allows very reproducible states, thus anaerobic growth 
and ethanol production of DL82 in a Chemostat needs to be carried out in order to obtain an accurate figure 
for ethanol titres in this strain.  A reporter system was employed to assess the promoter strength of the 
native PDH promoter versus other promoters which could be used to replace the native promoter on the 
chromosome, thus upregulating PDH and driving more flux through to ethanol.  The G. thermoglucosidasis 
NCA 1503 ldh, B. subtilis P43, and native branched-chain aminotransferase promoters were tested; however, 
none of these promoters exhibited higher activity than the native PDH promoter under microaerobic 
conditions.  Thus, further investigations into strong, anaerobic promoters in G. thermodenitrificans is 
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required in order to select for a appropriate promoter which can be used to replace the native PDH 
promoter to upregulate its expression.    
Ethanol production was increased in Bacillus subtilis by over-expressing the native PDH to increase flux 
through to ethanol.  Interestingly, a Ldh-ve mutant of B. subtilis (DL86) was found to be incapable of 
anaerobic growth; however, upon over-expression of PDH fermentative growth was restored to near wild-
type levels.  Upon the introduction of a further mutation in alsS growth was again impeded.  Further work in 
this area would firstly involve making a chromosomal replacement of the native PDH promoter to the P43 
promoter (which was the promoter used to over-express PDH via a plasmid) in DL86 and DL87 (Δldh,  ΔalsS).  
It has been previously reported that expression of an E. coli pyridine transhydrogenase (UdhA) increased 
ethanol production and improved fermentative growth in a B. subtilis strain with the same knock-outs as 
DL87.  Thus, UdhA should also be expressed in the engineered   Δldh,  ΔalsS, ↑PDH strain to assess to effects 
on ethanol titres. 
The E. faecalis PDH was expressed in E. coli unable to grow by fermentation due to a mutation in pflB.  The 
ability to grow by fermentation was restored upon expression of this PDH.  Ideally, a strain is required which 
harbours the E. faecalis PDH on the chromosome rather than expressing from a plasmid, so in an attempt to 
reduce negative feedback  by NADH in the native E. coli PDH, a hybrid E. coli – E. faecalis protein sequence 
encoding the pyridine nucleotide-disulphide oxidoreductase dimerisation domain in Lpd was synthesised as 
used to replace this region in the chromosomal Lpd.  This yielded a strain (DL88) which exhibited poor 
growth under aerobic and anaerobic conditions.  In order to isolate a strain of DL88 with improved growth 
DL88 needs to be grown in a chemostat culture under microaerobic conditions in order to select for fast-
growing mutants.  A naturally occurring mutant would out-grow the original strain, resulting in the original 
strain ‘washing-out’ of the chemostat culture.  A different approach would be to insert the entire PDH 
operon from E. faecalis into the E. coli chromosome.  This operon could be inserted downstream of the 
native PDH promoter; however there seem to be inconsistencies in the literature as to the expression this 
promoter.  Kim et al. (2008) reported that in E. coli SE2378 there is no difference in transcription of the E. 
coli PDH operon under aerobic verses anaerobic conditions, instead the lack of PDH activity in anaerobic 
cultures is a result from negative feedback inhibition in Lpd.  If this was the case then this promoter would 
be ideal to use to express the E. faecalis PDH operon as it would be equally expressed under aerobic and 
anaerobic conditions.  However, PDH enzyme assays in this work indicated that this is not the whole story, 
which is supported by Rolfe et al. (2011) who reported that in E. coli BW25113 levels of PDH mRNA 
transcript were 2-fold higher in aerobic cultures in comparison to during anaerobiosis.  If this was indeed the 
case than this would not be a good promoter for the anaerobic expression of a native PDH.  Before any 
further metabolic engineering to increase flux through PDH is carried out, quantitative RT-PCR of PDH needs 
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to be done in the knock-out E. coli strains generated in this work to get a clearer picture of how PDH is being 
regulated in these strains. 
 
The end goal with creating both butanogenic E. coli and B. subtilis would be to express all the genes 
encoding a butanol synthesis pathway on the host chromosome, and have an upregulated PDH.  The first 
steps towards this goal were carried out in E. coli.  Genes encoding the butanol synthesis pathway were 
expressed under PBAD in two E. coli strains, DL82 (ΔldhA, ΔfrdBC) and SE2378 (ΔldhA, ΔpflB, ↑PDH).  Higher 
butanol titres were detected in SE2378 cultures, confirming the benefit  in expressing this pathway in a Ldh-
ve negative, upregulated PDH background.  The  PBAD promoter was selected for expression of these genes 
due to its titratable nature.  Upon induction with arabinose, the level of gene expression across all cells 
harbouring this promoter can be titrated with the arabinose concentration.  Therefore the optimum level of 
expression of each gene may be fine-tuned in order to increase product formation.  This may be then used 
to select for the best native E. coli promoter to express each gene chromosomally.  Unfortunately, steps 
towards creating a butanol synthesis pathway in B. subtilis were hampered by problems which arose during 
cloning of the relevant genes.  It was concluded that this had occurred due to the high AT base percentage of 
these genes.   There are many alternative methods which may be employed to overcome these problems.  
The use of enzymes from alternative microorganisms to those in C. acetobutylicum.  The Ralstonia eutropha 
phaAB encoding β-ketoacyl-CoA thiolase and acetoacetyl-CoA reductase has a GC content of 68%, and has 
been shown that it can form part of a competent butanol synthesis pathway in E. coli, so may be used to 
substitute the Clostridia thiL and hbd.  Although this seems like a good, alternative option in reality this may 
not be the case, as phaAB has shown instability in the construction of pNCEC9 due to its sequence containing 
tandem repeats.  A low copy number  plasmid (such as pACYC184) may be used to reduce problems in 
cloning AT-rich DNA, and DNA containing  tandem repeats when building constructs containing the butanol 
synthesis genes.  
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Appendix 1 
Primers used for PCR reactions done in this study 
 
Primer Name Sequence (5' → 3') 
K-ldhF  ATATGAATCCATGAAAAACGGAGGAGGAAAC 
K-ldhR  ATTAAAGCTTTTACTGCGCAAAGGAGCGAGCC 
K-ldhF2F ATATCGCGCCGCCAGGCTGATATCGGCGGCG 
K-ldhF2F ATATCGCGCCGCCCTAAAATTGTCCCCGAACCGA 
Rep1F ATATCTGCAGGTGTTGACTATGTGATATAACAG 
Rep1R ATATTCTAGATTTGTTCACCTCTGCCTTTCGTC 
Rep2F ATATCTGCAGGCGGACAAATGTCCGCTTTTTTTA 
Rep2R ATATTCTAGATTCGGTTCCCCTCTTCCTTGATC 
Rep3F ATATCTGCAGTGTCGACGTGCATGCAGGCCGGG 
Rep3R ATATTCTAGATATAATGGTACCGCTATCACTTT 
bsalsF AGAGTCGACGGAGGATGAAGTATACCAATATC 
bsalsR AAGGAGCTGTTGCTAAATTAATGTTATCACTG 
bsldhF AGAGGATCCAAGCAATTAAAGCGGTTCGCAA 
bsldhR ATCCCCGGGTTAAACGTAAAATTTTAAATATCTTG 
bsalsF2 AGAGGATCCAAGCAATTAAAGCGGTTCGCAA 
bsalsR2 ATCCCCGGGTTAAACGTAAAATTTTAAATATCTTG 
bsldhF2 AGAGTCGACTTAATTAACCAAGGGATCACAGATG 
bsldhR2 AGAGGATCCTTTCTCTTTGATGTCTTTTTGTTTGT 
bsalscheckF GTTTCGATATGTAAAGCTGTATGC 
bsalscheckR AGTTCCCCGAATTCTTTCGGAAGC 
bsldhcheckF GCTGTGCTTTATCCTGATGATATTG 
bsldhcheckR CATATGAAATGCCCAAACGGAGACG 
qrt2F AGGACGTCTCGGATTTTACG 
qrt2R CCGTGCCAAATTAACTGAGG 
qrt7F TCTTATCCTTGCTGGTGCAG 
qrt7R CTTTCAAGCCAAGACCAGTG 
Gib9 TTACGCCAAGCTTGGCTGCAGTGTCGACGTGCATGCAGGCCGGGG 
Gib10 AGTCACCTCTTCCTTTCTTTTATAATGGTACCGCTATCACTTTA 
Gib11 AAAGAAAGGAAGAGGTGACTT 
Gib12 AAAACGACGGCCAGTGAATTCTTATTTTACGATGTGAATCGG 
adhE2F AGAGGATCCAAGGAGGAGTAAGCAATGAAAGTTACAAATCAAAA 
adhE2R AGAGTCGACTTAAAATGAAAATATATAGATATCCTTAAG 
kanF TGATGTCGACACTTCCTAGAATATATATTATGTAAACTTATTTAAGGTTTTAGAATGCAAGG 
kanR TGATGTCGACAGTTTACATAATATATATTCTAGGAAGTCTAAAACAATTCATCCAGTAAAATA 
bsadhF TGCCTGCAGAAGGAGGTTACATCAATATGGATC 
bsadhR ATGGAATTCTGTCATAGCCATGCTTGGCTTCAC 
thioF AGAGTCGACAAGGAGGAGTAAGCAATGAAAGAAGTTGTAATAG 
thioR AGAGATATCCTAGCACTTTTCTAGCAATATTGC 
bsadhF2 AGAGATATCAAGCCAATGTGATCAGTCTAATGACGA 
bsadhR2 AGAGTCGACTGTTCATCAGGTGTCCGGTCAA 
cmF TGATGATATCACTTCCTAGAATATATATTATGTAAACTAAAGCACCCATTAGTTCAACAAACG 
cmR TGATGATATCAGTTTACATAATATATATTCTAGGAAGTTTATAAAAGCCAGTCATTAGGCC 
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BadEF1 ATATCCATGGCAAAGGCTAAGAAACAAAAAC 
BadEF2 ATATAGATCTTTTCGACTCCTTCGCTTCATAA 
BadEF3 ATATCCATGGCACAAAAAACTATGATCCAAG 
BadEF4 ATATAGATCTAAATTCGACGATTTCTCTAGCTTT 
BadEF5 ATATCCATGGCTTATCAGTTTAAATTACCGG 
BadEF6 ATATAGATCTTCCTTCCATTAATAGTAATTCTGG 
BadEF7 ATATCCATGGTAGTAGGAGATTTCGCCAT 
BadEF8 ATATAGATCTAATATGAATTGGTAAACCTAAAGCC 
ecldhF ACTGTCGACAGCTGACAATCTCCCACCAGATAA 
ecldhR ATCTCTAGATTCTCCAGTGATGTTGAATCACATT 
efPDHF AATTCTAGATCTATGGCAAAGGCTAAGAAACAAAAAC 
efPDHR AATGAGCTCTTAAATATGAATTGGTAAACCTAAAG 
Gib1 CAGCTATGACCATGATTACGAATTCAGACGGCATTTATGTG 
Gib2 AACTTTCGGATCGAAGTAGTG 
Gib3 ACTACTTCGATCCGAAAGTTATGCCGGCTGTTGCGTTTACG 
Gib4 TTATTTCTTTTTCGCTTTCGG 
Gib5 CGAAAGCGAAAAAGAAATAAGTGTAGGCTGGAGCTGCTTCG 
Gib6 ATGGGAATTAGCCATGGTCCA 
Gib7 GGACCATGGCTAATTCCCATTTTTTCGTTTGCCGGAACATC 
Gib8 GCCAAGCTTGCATGCCTGCAGTTAAGGAAAAAGTACAGCAGC 
Gib1a ATTTCACACAGGAAACAGCTATGACCATGATTACGAATTC 
Gib3a GAAGTTATCGCCGGTAAGAAACACTACTTCGATCCGAAAGTT 
Gib5a CTATTACCGACCTGCCGAATCCGAAAGCGAAAAAGAAATAA 
Gib7a AACTAAGGAGGATATTCATATGGACCATGGCTAATTCCCAT 
Gib8a CTGCAGGCATGCAAGCTTGGCACTGGCCGTCGTTTTACAACG 
E3hybridF AGACGGCATTTATGTGACGATG 
E3hybridR TTAAGGAAAAAGTACAGCAGC 
Gib13 TATTTCTAGATTTCAGTGCAATTATGACAACTTGACGGCTAC 
Gib14 AGGCCCAGTCTTTCGACTGAGC 
Gib15 TCAGTCGAAAGACTGGGCCTTGAACCGACGACCGGGTCGAATTTG 
Gib16 TGCACTGAAATCTAGAAATATTT 
CrtF CCATGGAACTAAACAATGTCATCCTTG 
EtfAR CCAATCTAGACCATTAATTATTAGCAGCTTTAACTTG 
CrtR ATATGGTACCCCTCCTCCACTATCTATTTTTGAAGCCTTC 
Cfa8F AAGAGGTACCCCAATGAATCAAGCACTGACTGAAACC 
Cfa8R ATATTCTAGAATATCAACAACCGACCCCTAGGCCGGG 
AdhEF  CCCGAAAGCTTCCAATGAAAGTTACAAATCAAAAAGAAC 
AdhER CCAATCTAGACCATTAAAATGATTTTATATAGATATCC 
PhaAF ATAACTCGAGTTTAACCCGACCTTGACAAACGAGG  
PhaAR AAAAAAGCTTCCTCCTAATGCGCGGCCTTTTGGTGCTTCGG 
PhaRF ATACTCGAGATATTTCCATTGAAAGGACTACACAATG 
PhaRR  AAAAAAGCTTCCTCCTAAATCAGCCCATATGCAGGCCGCCGTTG 
RepF  ATATTGTGCACTGAACCGACGACCGGGTCGAATTTGC 
RepR TGCACTGAAATCTAGAAATATTTTATC 
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Appendix 2 
 
DNA Sequences achieved when using the bsashR primer. 
ATAT – pUC18 
ATAT – 5’ adh 
ATAT - thiL 
ATAT – EcoRV site 
ATAT – 3’ adh 
 
 
Original pNCBS9 
 
AAAAAGCTAAAGAGCTTGGAGTAAAACCACTTGCTAAGATAGTTTCTTATGGTTCAGCAGGAGTTGACCCAGCAATAAT
GGGATATGGACCTTTCTATGCAACAAAAGCAGCTATTGAAAAAGCAGGTTGGACAGTTGATGAATTAGATTTAATAGA
ATCAAATGAAGCTTTTGCAGCTCAAAGTTTAGCAGTAGCAAAAGATTTAAAATTTGATATGAATAAAGTAAATGTAAAT
GGAGGAGCTATTGCCCTTGGTCATCCAATTGGAGCATCAGGTGCAAGAATACTCGTTACTCTTGTACACGCAATGCAAA
AAAGAGATGCAAAAAAAGGCTTAGCAACTTTATGTATAGGTGGCGGACAAGGAACAGCAATATTGCTAGAAAAGTGCT
AGGTATAGAAGCCAATGTGATCAGTCTAATGACAATGGGGAAATGGGTGCTTATTTCGGCTATTCAGGGCAAACTGGC
GGTTATCCAGGCGGGCAAGCTGAATATTTAAGAGTGCCGTTTGCGAATTTTACCCATTTTAAAATCCCTGAATCTTGTGA
GGAACCCGATGAGAAATTAAGCGTGATTGCCGATGCCATGACCACCGGCTTTTGGAGTGTGGATAATGCCGGCGTAAA
AAAAGGCGATACAGTTATCGTTCTCGGCTGCGGACCAGTCGGCCTGTTTGCTCAAAAGTTTTGTTGGCTAAAAGGCGCA
AAACGCGTCATAGCAGTTGACTATGTAAACTATCGCTTACAGCATGCGAAACGTACAAACAAAGTAGAAATCGTTAATT
TTGAAGACCATGAGAATACAGGGAATTATTTAAAGGAAATCACGAAAGGCGGAGCGGATGTAGTCATTGACGCTGTTG
GGATGGATGGTAAAATGAGCGATCTCGAGTTCCTTGCCAGCGGCTTAAAGCTTCATGGCGGAACGATGAGTGCATTGG
TCATTG 
 
 
pNCBS9 which was found to have lost EcoRV 
CCTAGATTTGGATCAACTATAGAAGGACTTGCAAAATTAAAACCTGCCTTCAAAAAAGATGGAACAGTTACAGCTGGTA
ATGCATCAGGATTAAATGACTGTGCAGCAGTACTTGTAATCATGAGTGCAGAAAAAGCTAAAGAGCTTGGAGTAAAAC
CACTTGCTAAGATAGTTTCTTATGGTTCAGCAGGAGTTGACCCAGCAATAATGGGATATGGACCTTTCTATGCAACAAA
AGCAGCTATTGAAAAAGCAGGTTGGACAGTTGATGAATTAGATTTAATAGAATCAAATGAAGCTTTTGCAGCTCAAAGT
TTAGCAGTAGCAAAAGATTTAAAATTTGATATGAATAAAGTAAATGTAAATGGAGGAGCTATTGCCCTTGGTCATCCAA
TTGGAGCATCAGGTGCAAGAATACTCGTTACTCTTGTACACGCAATGCAAAAAAGAGATGCAAAAAAAGGCTTAGCAA
CTTTATGTATAGGTGGCGGACAAGGAACAGCAATATTGCTAGAAAAGTGCTAGgtatccggcgtaaaaaaaggcgatacagttat
cgttctcggctgcggaccagtcggcctgtttgctcaaaagttttgttggctaaaaggcgcaaaacgcgtcatagcagttgactatgtaaactatcgcttacagc
atgcgaaacgtacaaacaaagtagaaatcgttaattttgaagaccatgagaatacagggaattatttaaaggaaatcacgaaaggcggagcggatgtagt
cattgacgctgttgggatggatggtaaaatgagcgatctcgagttccttgccagcggcttaaagcttcatggcggaacgatgagtgcattg 
 
 
 
 
 
 
pNCBS10 colony 1 
AAGGAGGAGTAAGCAATGAAAGAAGTTGTAATAGCTAGTGCAGTAAGAACAGCGATTGGATCTTATGGAAAGTCTCTT
AAGGATGTACCAGCAGTAGATTTAGGAGCTACAGCTATAAAGGAAGCAGTTAAAAAAGCAGGAATAAAACCAGAGGA
TGTTAATGAAGTCATTTTAGGAAATGTTCTTCAAGCAGGTTTAGGACAGAATCCAGCAAGACAGGCATCTTTTAAAGCA
GGATTACCAGTTGAAATTCCAGCTATGACTATTAATAAGGTTTGTGGTTCAGGACTTAGAACAGTTAGCTTAGCAGCAC
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AAATTATAAAAGCAGGAGATGCTGACGTAATAATAGCAGGTGGTATGGAAAATATGTCTAGAGCTCCTTACTTAGCGA
ATAACGCTAGATGGGGATATAGAATGGGAAACGCTAAATTTGTTGATGAAATGATCACTGACGGATTGTGGGATGCAT
TTAATGATTACCACATGGGAATAACAGCAGAAAACATAGCTGAGAGATGGAACATTTCAAGAGAAGAACAAGATGAGT
TTGCTCTTGCATCACAAAAAAAAGCTGAAGAAGCTATAAAATCAGGTCAATTTAAAGATGAAATAGTAATGTGATCAGT
CTAATGACAATGGGGAAATGGGTGCTTATTTCGGCTATTCAGGGCAAACTGGCGGTTATCCAGGCGGGCAAGCTGAAT
ATTTAAGAGTGCCGTTTGCGAATTTTACCCATTTTAAAATCCCTGAATCTTGTGAGGAACCCGATGAGAAATTAAGCGTG
ATTGCCGATGCCATGACCACCGGCTTTTGGAGTGTGGATAATGCCGGCGTAAAAAAAGGCGATACAGTTATCGTTCTCG
GCTGCGGACCAGTCGGCCTGTTTGCTCAAAAGTTTTGTTGGCTAAAAGGCGCAAAACGCGTCATAGCAGTTGACTATGT
AAACTATCGCTTACAGCATGCGAAACGTACAAACAAAGTAGAAATCGTTAATTTTGAAGACCATGAGAATACAGGGAA
TTATTTAAAGGAAATCACGAAAGGCGGAGCGGATGTAGTCATTGACGCTGTTGGGATGGATGGTAAAATGAGCGATCT
CGAGTTCCTTGCCAGCGGCTTAAAGCTTCATGGCGGAACGATGAGTGCATTGG 
 
pNCBS colony 2 
 
GAATGTGCCTGAACTAGCAGACACTACATTCGCGATGGATTTTCTTATACGAGCTAAGGAAGGCGTAAGGAATACTGCT
GTAGCTTTGACAGAAACCGCTTCACCAGATGTAAGAGCACTGCTTCGGAAACAGCTGATGCAAGGAATTGCGATGCAC
CAAGAGATTACGGAACTGATGATCAGCAAAAAGTGGTTCCATCCATATGAGCTGAGCGAACAGTATAAGCTGGATCAG
CTCTCTGCAAAAAACACGATCATGGTCGGCAATATGAACCTCTTTCCTGATGAAACAAATCGCAAAGGGATGTTTGACC
GGACACCTGATGAACAAAGGAGGAGTAAGCAATGAAAGAAGTTGTAATAGCTAGTGCAGTAAGAACAGCGATTGGAT
CTTATGGAAAGTCTCTTAAGGATGTACCAGCAGTAGATTTAGGAGCTACAGCTATAAAGGAAGCAGTTAAAAAAGCAG
GAATAAAACCAGAGGATGTTAATGAAGTCATTTTAGGAAATGTTCTTCAAGCAGGTTTAGGACAGAATCCAGCAAGAC
AGGCATCTTTTAAAGCAGGATTACGTATAGAAGCCATGATCAGTCTAATGACAATGGGGAAATGGGTGCTTATTTCGGC
TATTCAGGGCAAACTGGCGGTTATCCAGGCGGGCAAGCTGAATATTTAAGAGTGCCGTTTGCGAATTTTACCCATTTTA
AAATCCCTGAATCTTGTGAGGAACCCGATGAGAAATTAAGCGTGATTGCCGATGCCATGACCACCGGCTTTTGGAGTGT
GGATAATGCCGGCGTAAAAAAAGGCGATACAGTTATCGTTCTCGGCTGCGGACCAGTCGGCCTGTTTGCTCAAAAGTTT
TGTTGGCTAAAAGGCGCAAAACGCGTCATAGCAGTTGACTATGTAAACTATCGCTTACAGCATGCGAAACGTACAAACA
AAGTAGAAATCGTTAATTTTGAAGACCATGAGAATACAGGGAATTATTTAAAGGAAATCACGAAAGGCGGAGCGGAT
GTAGTCATTGACGCTGTTGGGATGGATGGTAAAATGAGCGATCTCGAGTTCCTTGCCAGCGGCTTAAAGCTTCATGGC
GGAACGATGAGTGCATTGG 
 
pNCBS colony  3 
AATTACAAGCGGTTTATGAGCGTGTGAATAATGATCATTTAGACCCCATTAATTCGCTGAATGTGCCTGAACTAGCAGA
CACTACATTCGCGATGGATTTTCTTATACGAGCTAAGGAAGGCGTAAGGAATACTGCTGTAGCTTTGACAGAAACCGCT
TCACCAGATGTAAGAGCACTGCTTCGGAAACAGCTGATGCAAGGAATTGCGATGCACCAAGAGATTACGGAACTGATG
ATCAGCAAAAAGTGGTTCCATCCATATGAGCTGAGCGAACAGTATAAGCTGGATCAGCTCTCTGCAAAAAACACGATCA
TGGTCGGCAATATGAACCTCTTTCCTGATGAAACAAATCGCAAAGGGATGTTTGACCGGACACCTGATGAACATGTACC
AGCAGTAGATTTAGGAGCTACAGCTATAAAGGAAGCAGTTAAAAAAGCAGGAATAAAACCAGAGGATGTTAATGAAG
TCATTTTAGGAAATGTTCTTCAAGCAGGTTTAGGACAGAATCCAGCAAGACAGGCATCTTTTAAAGCAGGATTACCAGT
TGAAATTCCAGCTATGACTATTAATAAGGTTTGTGGTTCAGGACTTAGAACAGTTAGCTTAGCAGCACAAATTATAAAA
GCAGGAGATGCTGACGTAATAATAGCAGGTGGTATGGAAAATATGTCTAGAGCTCCTTACTTAGCGAATAACGCTAGA
TGGGGATATAGAATGGGAAACGCTAAATTTGTTGATTCAGTCTAATGACAATGGGGAAATGGGTGCTTATTTCGGCTAT
TCAGGGCAAACTGGCGGTTATCCAGGCGGGCAAGCTGAATATTTAAGAGTGCCGTTTGCGAATTTTACCCATTTTAAAA
TCCCTGAATCTTGTGAGGAACCCGATGAGAAATTAAGCGTGATTGCCGATGCCATGACCACCGGCTTTTGGAGTGTGG
ATAATGCCGGCGTAAAAAAAGGCGATACAGTTATCGTTCTCGGCTGCGGACCAGTCGGCCTGTTTGCTCAAAAGTTTTG
TTGGCTAAAAGGCGCAAAACGCGTCATAGCAGTTGACTATGTAAACTATCGCTTACAGCATGCGAAACGTACAAACAA
AGTAGAAATCGTTAATTTTGAAGACCATGAGAATACAGGGAATTATTTAAAGGAAATCACGAAAGGCGGAGCGGATGT
AGTCATTGACGCTGTTGGGATGGATGGTAAAATGAGCGATCTCGAGTTCCTTGCCAGCGGCTTAAAGCTTCATGGCGG 
 
pNCBS10 colony 4 
GCCGAACGACCGAGCGCAGCGAGTCAGTGAGCGAGGAAGCGGAAGAGCGCCCAATACGCAAACCGCCTCTCCCCGCG
CGTTGGCCGATTCATTAATGCAGCTGGCACGACAGGTTTCCCGACTGGAAAGCGGGCAGTGAGCGCAACGCAATTAAT
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GTGAGTTAGCTCACTCATTAGGCACCCCAGGCTTTACACTTTATGCTTCCGGCTCGTATGTTGTGTGGAATTGTGAGCGG
ATAACAATTTCACACAGGAAACAGCTAATGACAATGGGGAAATGGGTGCTTATTTCGGCTATTCAGGGCAAACTGGCG
GTTATCCAGGCGGGCAAGCTGAATATTTAAGAGTGCCGTTTGCGAATTTTACCCATTTTAAAATCCCTGAATCTTGTGAG
GAACCCGATGAGAAATTAAGCGTGATTGCCGATGCCATGACCACCGGCTTTTGGAGTGTGGATAATGCCGGCGTAAAA
AAAGGCGATACAGTTATCGTTCTCGGCTGCGGACCAGTCGGCCTGTTTGCTCAAAAGTTTTGTTGGCTAAAAGGCGCAA
AACGCGTCATAGCAGTTGACTATGTAAACTATCGCTTACAGCATGCGAAACGTACAAACAAAGTAGAAATCGTTAATTT
TGAAGACCATGAGAATACAGGGAATTATTTAAAGGAAATCA 
 
 
Appendix 3 
 
DNA Sequence synthesised (GenScript Inc., New Jersey, USA) for chromosomal replacement in E. coli lpd. 
 
ATGCCGGCTGTTGCGTTTACGGACCCGGAACTGGCGAGCGTTGGTATGACGGTGGCGGAAGCGAAAGAAGCAGGTATA 
AGCGAAAGGCTATAAATTTCCGTTCGCAGGCAACGGTCGTGCTATTAGCCTGGATAAAACCGAAGGCTTTATGCGCCTGG 
TGACCACGGTTGAAGACAATGTCATTATCGGTGCACAGATCGCTGGCGTTGGTGCAAGCGATATGATTTCTGAACTGGCG 
CTGGCCATCGAAAGTGGTATGAACGCGGAAGACATTGCCCTGACGATCCATCCGCACCCGTCCCTGGGTGCCGAAGTGTT 
TGAAGGCTCTATTACCGACCTGCCGAATCCGAAAGCGAAAAAGAAATAA 
 
 
 
